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Preface

These peer-reviewed proceedings represent a per-
manent record of this conference, celebrating the ac-
complishments and contributions of the Santa Rita
Experimental Range, the longest continuously operat-
ing research area dedicated to the sustainable man-
agement of North American rangelands, and forecasts
the future contributions of this historical site. The
conference consisted of the presentation of a series of
synthesis papers by invited speakers who reviewed
significant research findings on the Santa Rita Ex-
perimental Range and, where appropriate, forecast
future research opportunities. Contributed poster pa-
pers supplemented and expanded on the synthesis
papers by reporting on recently completed or ongoing
research on the Santa Rita. The conference concluded
with a 1-day field trip to research sites on the Santa
Rita Experimental Range.

This conference provided a forum for researchers,
managers and practitioners, decisionmakers, and other
interested people to share their knowledge, experiences,

and opinions about the contributions that the Santa
Rita Experimental Range has made to rangeland man-
agement in the Southwestern United States. The con-
ference and these proceedings also represent a starting
point for planning and implementing research activi-
ties, leading to improved, ecosystem-based, multiple-
use rangeland management in the future.

The technical coordinators of these proceedings ac-
knowledge the collective efforts of the technical re-
viewers of these papers. We also acknowledge Louise
Kingsbury, Group Leader, and the Publishing Services
staff, Rocky Mountain Research Station, USDA Forest
Service, Ogden, UT, for their invaluable editorial as-
sistance. Major funding for the preparation of these
proceedings was provided by the Southwestern Bor-
derlands Project (FS-RMRS-4651), Rocky Mountain
Research Station, USDA Forest Service, Flagstaff,
AZ. Additional support was furnished by the other
sponsors of the conference.

Mitchel P. McClaran
Peter F. Ffolliott
Carleton B. Edminster
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Nathan F. Sayre

Recognizing History in Range Ecology:
100 Years of Science and Management on
the Santa Rita Experimental Range

Abstract: At the centennial of the Santa Rita Experimental Range, historical analysis is called
for on two levels. First, as a major site in the history of range ecology, the Santa Rita illuminates
past successes and failures in science and management and the ways in which larger social,
economic, and political factors have shaped scientific research. Second, with the turn away from
equilibrium-based models in range science—a turn prompted in part by research at the Santa
Rita—there is a growing need for history in range ecology itself. | discuss the needs, premises, and
events underlying establishment of the Santa Rita in 1903. Then | examine the evolution of
research and management recommendations through four major periods from 1901 to 1988, and
I discuss the land swap that transferred the Santa Rita to State ownership in 1988 to 1991. Finally,
I consider what effects the Santa Rita has had on rangelands and range management in the region.
| argue that a static conception of the carrying capacity of Southwestern rangelands was imposed
for economic and political reasons, over the objections or reservations of early range scientists at
the Santa Rita, and that this may have contributed both to range depletion and to rancorous
relations between public agencies and private ranchers in the twentieth century. To meet society’s
current demands on rangelands, the long-term, large-scale data assembled from the Santa Rita
will be critically important.

Keywords: range science, range ecology, history, carrying capacity, mesquite, Frederic
Clements, semiarid rangelands

Acknowledgments: The author gratefully acknowledges Joel Brown, Kris Havstad, Mitchel P.
McClaran, Guy McPherson, and especially Phil Ogden for helpful comments and other assistance
in the preparation of the manuscript. Thanks also to Barbara Gibson for help with the figures.
I remain wholly responsible for the contents.

Introduction

The Santa Rita Experimental Range is 100 years old this year, providing an occasion to celebrate and to reflect. The first
of many experimental ranges in the United States, the Santa Rita was founded at a time when both range science and plant
ecology were in their infancy. The purpose was to conduct research that would aid in the management of Southwestern
rangelands by public agencies and private ranchers, in the belief that science, coordinated by public agencies and conducted
on a suitably large scale, would produce methods of restoring and conserving the vast and severely degraded rangelands of
the region more quickly and effectively than a private, trial-and-error approach could. Confidence in the ability of government
science to solve pressing public problems was characteristic of the era, giving birth not only to the Santa Rita but also to range
science more generally and to an array of Federal agencies.

To assess a century of work on the Santa Rita, at least two questions must be answered: (1) What happened on the
experimental range itself, in terms of research and recommendations for management? And (2) what effects did this work
have on rangelands in the region? The historical record is abundant regarding the first question, but comparatively thin
as to the second. | begin by reviewing the circumstances surrounding the creation of the Santa Rita Experimental Range.
Then I use the more than 400 publications produced from the Santa Rita to define four major periods of research from 1901

Nathan F. Sayre is Postdoctoral Research Associate with the Jornada Experimental Range in Las Cruces, NM. Phone: 520-327-5567; e-mail: Nfsayre@aol.com.
HeearnedaB.A.degree in philosophy from Yale University and a Ph.D. degree in anthropology from the University of Chicago. His research focuses on the history
of range science and management in the Southwest, and the implications of that history for current management.

In: McClaran, Mitchel P.; Ffolliott, Peter F.; Edminster, Carleton B. tech. coords. Santa Rita Experimental Range: 100 years (1903 to 2003) of accomplishments
and contributions; conference proceedings; 2003 October 30—November 1; Tucson, AZ. Proc. RMRS-P-30. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.
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to 1988. Within each period, |1 examine selected docu-
ments—some published, some unpublished—to trace the
evolution of research questions and management recom-
mendations. Then | briefly discuss the period since 1988,
when ownership of the range changed from Federal to Sate.
Finally, | examine the evidence regarding actual manage-
ment and range conditions over the past 100 years. Al-
though the degree of influence of the Santa Rita is difficult
to determine in detail, several themes and possible lessons
for the future emerge nevertheless.

The overarching thesis of my argument is that a century
of research at the Santa Rita indicates the need for historical
analysis both of and in range ecology. Understanding the
history of range ecology is important for the same reasons as
in any discipline: to learn from past failures and successes,
to recognize intellectual antecedents, and to enable critical
reflection on our own ideas and practices. The history of the
Santa Rita reveals that while the methods and emphases of
research changed to reflect accumulating knowledge, the
central questions and many management recommendations
remained surprisingly consistent until very recently; it also
suggests that institutional and political factors have been as
important as scientific or ecological ones in shaping the
knowledge that researchers produce. The importance of
history in range ecology emerges fromwhat has been learned
in the past century, both at the Santa Rita and in other arid
and semiarid settings. Whereas equilibrium-based ecologi-
cal theory allowed most past researchers to neglect histori-
cal questions, current theories emphasize the potential of
nonstationary climate and discrete events, interacting at
various spatial and temporal scales, to cause significant and
lasting ecological change. Today, with the larger social,
political, and economic contexts of range management dra-
matically different from a century ago, there is a need both
to recognize and to re-cognize history, so that the changes of
the past can be properly understood and the challenges of
the present and future effectively confronted.

Beginnings: Founding a Range
Research Reserve

Nineteen hundred and three was the fifth year of a 6-year
drought in southern Arizona. The boom and bust cycles of
markets and rainfall were already painfully familiar to both
ranchers and public officials in the area. Just 10 years
before, the drought of 1891 to 1893 had killed scores of
thousands of cattle and wiped out countless ranchers. That
drought, more than the one from 1898 to 1904, helped to set
in motion the factors that would eventuate in the Santa Rita
Experimental Range. But it was not the only, or the first,
factor.

The Hatch Act of 1887 authorized State and territorial
governments to receive Federal funding for agricultural
experiment stations. Lacking other resources, the Univer-
sity of Arizona took advantage of Hatch Act funds begin-
ning in 1890, using them to cover operating expenses and
salaries as well as agricultural research (Webb 2002: 80). A
year later the Arizona Agricultural Experiment Station
published its Bulletin number 2, comprising two short
articlesby J. W. Toumey (1890): “Arizona Range Grasses in
General” and “Overstocking the Range.” The latter article

Recognizing History in Range Ecology: 100 Years of Science and Management...

contained a prescient warning. In the open range, Toumey
wrote (1890: 7):

...even the hardiest grasses when continually eaten close to
the ground will, as a rule, in a few years become extinct...
[W]here drought and overstocking both combine, and the
grass that does not burn out from the effects of the hot sun, is
continually eaten close to the ground by hungry cattle, the
range is in poor condition to produce feed for the following
season. The repetition of this process year after year cannot
help but decrease the supply of grasses on the range.

By the time the drought broke in late summer 1893, an
estimated 50 to 75 percent of southern Arizona'’s cattle had
perished from lack of feed or water. Photographs from the
time bear out Toumey’s most dire scenario (fig. 1).

The undeniable ecological and economic damage of the
drought helped get the attention of Congress, which in
1895 appropriated the first Federal funding expressly for
range research. In the Texas high plains, Jared Smith and
H. L. Bentley arranged to fence two sections of rangeland

3 - . - "=
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Figure 1—Photograph taken by George Roskruge,
surveyor for the General Land Office, at an uni-
dentified southeastern Arizona location in the
summerof 1891. Heavy, unconrolled grazing com-
bined with drought produced widespread denuda-
tion of rangelands previously dominated by
perennial bunchgrasses, eventually prompting
Congressional action to regulate grazing on the
public domain and to create experimental ranges
such as the Santa Rita (courtesy of Arizona His-
torical Society, Tucson, AHS #45866).
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for experiments funded by these monies. It was not until 5
years later, however, that the Federal government took the
decisive step of reserving land from the public domain
specifically for range research. President McKinley signed
the order withdrawing four sections southeast of Tucson on
October 10, 1900.

David Griffiths of the Arizona Agricultural Experiment
Station had spent “the greater part of a week” scouting the
Tucson basin for this tract of land (Griffiths 1901: 23). That
it was bisected by the Southern Pacific Railroad was an
advantage in his eyes, because it meant that one side of his
research plot was already fenced. He enclosed 52 acres,
divided it into 60 plots, and began a series of experiments.
But the “small inclosure” [sic], as it came to be called, soon
showed serious limitations. Even including the unfenced
portion, it was too small and too uniform to represent the
varied rangelands of the region. It was also lower and drier
than the prime grasslands south and east of the Tucson
basin. Griffiths tried to assert that the area was “a typical
mesa region in every respect” (1901: 24), but it contained
more creosote and cacti than perennial grasses and little
topographical, climatic, or edaphic variation. “The produc-
tion of forage is so small here, at best, that one is obliged to
measure his pasture by square miles rather than by acres,”
he noted, “and the operations in range improvement must
be on a correspondingly large scale” (1901: 29). Even if
Griffiths' experiments in establishing forage plants had
succeeded, the need for a larger research range would have
remained.

INn 1902, Alfred Potter—who would shortly become Gifford
Pinchot’s first Chief of Grazing—drafted a report for the
proposed Santa Rita Forest Reserve, from which the ex-
perimental range would subsequently be carved (Potter
1902). In its earliest conception, the reserve was to extend
from the Santa Cruz River east to Cienega Creek, and from
the Southern Pacific Railroad south to Sonoita Creek, an
area of 592 square miles or 379,000 acres. Potter acknowl-
edged that only 45,000 acres of this area was “well for-
ested,” and that nearly four-fifths of it was mesa and
foothills land. Most of the lower elevation, nontimber land
was eventually excluded from the reserve, but on the
northwest flank of the Santa Rita Mountains parts of four
townships were withdrawn, giving birth to the Santa Rita
Experimental Range; Griffiths termed it “the large inclo-
sure” [sic]. President Theodore Roosevelt signed the proc-
lamation on April 11, 1902. The boundaries expanded
under subsequent executive orders, by Roosevelt in 1907,
Taft in 1910, and by Coolidge twice, in 1925 and 1927.
Taft's order also recognized the Santa Rita as distinct from
the adjacent Forest Reserve, which had been consolidated
into the Coronado National Forest 2 years before; in conse-
guence, title to the experimental range remained with the
Interior Department, rather than transferring to the De-
partment of Agriculture. Ultimately, the Santa Rita en-
compassed over 53,000 acres, or more than 1,000 times the
size of Griffiths’ first enclosure (which was converted to
military uses in 1925 and today is part of Davis-Monthan
Air Force Base).

Two of Potter’s observations about the Santa Rita Forest
Reserve are worth noting here. First, he wrote that before
the 1891 to 1893 drought, the area had “carried fully 25,000
head of cattle and horses and 5,000 sheep,” and that as of
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1902 these numbers had dropped to “between 7,000 and
8,000 cattle, from 1,000 to 2,000 horses, and about 4,000
sheep.” These figures translate to roughly 44 head per
section before 1891, and 15 to 18 head per section in 1902.
Potter also described a seasonal pattern of movementwithin
the proposed reserve, with herds concentrating in the moun-
tains in the fall and winter and the foothills in the spring and
summer.

Second, Potter reported that “the mesa lands are all
covered with mesquite, to acertain extent; although over the
greater part of the area the growth is very scattering and
shrubby in character. The only good solid mesquite area is
along close to the river bottom and in the draws coming down
from the mountains.” He described mesquite as “the most
universally useful tree in this section,” providing almost all
the firewood and fence posts used in the vicinity. Since many
wells at this period relied on steam pumps fueled with wood
(Griffiths 1904: 35), it is possible that mesquite harvesting
may have invisibly skewed later perceptions of the area’s
“original” vegetation.

Between March and June 1903, 27.3 miles of fence were
constructed around the experimental range, at a cost of $105
per mile. For the next 12 years, no livestock would graze on
some 49 sections of land, while Griffiths and his successors
studied its recovery. Spanning more than 2,600 ft of eleva-
tion, the new reserve encompassed significant gradients of
rainfall, temperature, soils, and vegetation. At the highest,
most productive edge of the reserve, another nine sections of
land were included in the experimental range but were
allowed to remain in the management of settlers already
established there: McCleary, MacBeath, Proctor, and Ruelas.
Their pastures, ranging in size from 194 to 1,695 acres, were
fenced by 1908 and served comparative purposes for the
researchers, suggesting how recovery proceeded under con-
trolled grazing.

That the founding management act of the Santa Rita
Experimental Range was fencing its perimeter is emblem-
atic of circumstances at the time. There had been livestock
in the Santa Cruz Valley for 200 years, and for most of that
time they had not constituted a problem, as far as we know.
Limited transportation and markets, along with notorious
insecurity, had largely isolated the region from outside
sources of livestock, and herd growth had been determined
mainly by local conditions of forage, water, disease, and
predation. Only in the last quarter-century had the cattle
boom flooded the region with livestock from elsewhere,
brought in on foot or by railroad and financed from afar. In
1903, leases and fences were not yet in place to regulate
competition for forage on Federal lands, but there was
finally a political consensus that access to the range had to
be controlled, and that fencing was the only practicable way
to do this. Many early reports implied that fencing, in and of
itself, would cause range conditions to improve; fences went
up on forest lands after 1905, on State Trust lands after
1912, and on the remaining public domain after 1934. The
expanded scale of the livestock industry, from local to inter-
national, entailed a contraction of the scale of the individual
herd—from entire valleys or mountain ranges to defined and
fenced pastures. Almost without exception, research on the
Santa Rita would take this geographical innovation for
granted.
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Periods of Santa Rita
Research

With the range fenced, David Griffiths could begin his
research, initiating the stream of publications by which the
Santa Rita’s scientific production can be appraised. Al
Medina’s (1996) bibliography of Santa Rita research publi-
cations lists 452 articles spanning the period 1901 to 1988.
This figure includes 18 undated leaflets and several dupli-
cate entries; excluding these and adding one important
reference omitted by Medina (see below), we have a data set
of 427 articles. If we organize these chronologically, and
depict the results graphically (fig. 2), several periods of
research activity can be identified. This periodization is
intended as a heuristic device only; there have always been
multiple threads of inquiry, administration, and funding in
the fabric of the Santa Rita, and the variable lag between
defining, funding, conducting, and publishing research de-
fies neat temporal separation.

It is immediately clear from the graph that wildlife has
been an important focus of research on the Santa Rita since
the 1920s, increasingly so in recent decades. But it has

Recognizing History in Range Ecology: 100 Years of Science and Management...

rarely constituted a majority of publications, and its very
consistency makes it poorly suited as ameans of distinguish-
ing periods of research effort. I defer to Krausman (this
proceedings) to illuminate the place of wildlife research in
the history of the Santa Rita. The history of research on
Lehmann lovegrass is not as long, but otherwise similar to
wildlife—recurrent but minor from the 1940s through the
1980s. I will touch upon it along the way.

1901 to 1931: Institutional Consolidation,
Revegetation, and Carrying Capacity

In the first 30 years of the Santa Rita, only 19 articles
were published, never more than two in any one year. This
was a period of minimal funding and staffing of the range,
while the larger institutional basis for range research was
slowly being consolidated. Major events in this consolida-
tion process included the transfer of the Forest Reserves to
the U.S. Department of Agriculture and the formation of
the Forest Service in 1905; the creation of the Office of
Grazing Studies within the Forest Service in 1910, followed
ayear later by the subdivision of forest administration into
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Figure 2—Annual output of publications from Santa Rita research, 1901 to 1988, organized topically. Half-
units reflect publications that expressly covered two topics together (for example, mesquite and fire) (adapted

from Medina 1996).
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regional offices; the transfer of range research outside
National Forests—including the Santa Rita Experimental
Range—from the Bureau of Plant Industry to the Forest
Service in 1915; the transfer of the Office of Grazing
Studies from the Branch of Grazing to the Branch of
Research in 1926; and finally, the creation of regional
forestand range experimentstations under the McSweeney-
McNary Forest Research Act of 1928 (Chapline 1944). It
was this last event that created the Southwestern Forest
and Range Experiment Station (SWFRES), based in Tuc-
son, which brought increased Federal funding for range
research and triggered the rise in Santa Rita publications
from 1932 on.

Two pressing issues dominated the research of this period:
(1) how to restore forage plants decimated by the cattle
boom, and (2) how to measure range resources for manage-
ment and administration. Griffiths (1901, 1904, 1907) and
J. J. Thornber (1910) tested hundreds of native and nonna-
tive plant species in hopes of finding economical ways of
artificially establishing cover and forage on bare or nearly
bare ground. Most failed altogether, and even those that
showed some success were failures in economical terms.
Building up berms of soil to slow runoff and capture seed was
also attempted at the small enclosure, but the structures
often blew out in floods and did not result in enough grass to
justify the costs. “Much more satisfactory results have thus
far been obtained by husbanding the native vegetation and
grazing well within the capacity of the land to maintain
stock” than by any other methods, Griffiths (1910: 13)
concluded. This recommendation against overgrazing has
been a consistent refrain from Santa Rita researchers ever
since, although far less simple than it appears.

Determining carrying capacities was central to the re-
search of this period because it linked environmental and
ecological factors to political and economic imperatives. It
was of “the utmost importance,” according to Griffiths’
boss, because “This knowledge determines the rental and
sale value of range lands and should also determine the size
of the minimum lease or homestead for range purposes...”
(W. J. Spillman, in the preface to Griffiths 1904). If fencing
and leasing were to work as planned, carrying capacity had
to be a coherent concept that public officials could apply,
measure, and enforce. Furthermore, the capacity of any
given piece of range had to be more or less static, both for
administrative efficiency and so that ranchers and their
financial backers could build leases into their business
plans and credit instruments. Griffiths recognized these
constraints, and he delivered carrying capacity estimates
as best he could, as did Wooton (1916). Following Smith’s
(1899) example from Texas, both were inclined to define
carrying capacity by reference to forage production in poor
(in other words, drought) years. In 1904, Griffiths recom-
mended 37 acres per animal unit (AU) (or about 17 AU per
section) for the Santa Rita generally, and 50 to 100 acres
per AU (about 6 to 13 AU per section) for lower or more
degraded ranges; in 1910 he revised the Santa Rita esti-
mate to 32 AU per section. Wooton concurred with the
latter, higher figure.

Griffiths’ reports contain numerous remarks, however,
that suggest he had doubts about the concept of carrying
capacity when applied “in a region where the seasons, the
altitude, the slope, and the rainfall are so variable” (1904:
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32). Not only did productivity vary across space and time, it
was also “exceedingly difficult to decide which species are
and which are not forage plants,” because, if necessary,
cattle would eat almost everything (1904: 25). Even in the
absence of grazing, the composition of vegetation did not
display stability:
...differences in vegetation, comparing one year with another,
are very striking... In the large field, even with similar
rainfall, there occurs an ascendency [sic] of one plant one year
and another plant another year... So far as known, no one has
ever offered an explanation for these yearly variations of
annual vegetation (1910: 15).

Griffiths also discerned longer term vegetation changes
taking place, specifically an increase in mesquite and other
shrubs, and he attributed these changes to fire suppression,
notgrazing. There is no evidence that his doubts diminished
over time; indeed, his 1910 carrying capacity estimates were
even more cautiously expressed than those of 1904. Like-
wise, his assertion that 3 years of complete rest would
restore degraded Southwestern rangelands “approximately
to their original productivity” (1910: 13) seems forced, be-
cause it conflicts with many of his other observations. He
noted, for instance, that 2 consecutive years of good summer
rainfall were needed for significant establishment of peren-
nial grasses—something that occurred only once in his 10
years of research in the area.

Griffiths appears to have arrived in Arizona with few
preconceptions about the desert and no scientific theories to
attack or defend, allowing his curiosity wide latitude. He
conducted surveys of ranchers, traveled and photographed
extensively in the region, and generally let his observations
lead him where they would. In these respects he stands in
sharp contrast to the other major figure of this period,
Frederic Clements, who arrived in Tucson in 1917 to work at
the Carnegie’s Institution’s Desert Lab on Tumamoc Hill
(also founded in 1903). Clements came with a heavy invest-
ment in a powerful theory—his own—and a determination
to make it work in the Southwest and, indeed, everywhere.

Clements installed vegetation plots on the Santa Rita
(Bowers 1990: 40), and he also drew on the work of Griffiths
and other Santa Rita researchers for his 1920 book, Plant
Indicators, which included numerous photographs from the
range. The aim of the book was to demonstrate the practical
uses of his famous theory—published as Plant Succession
4 years earlier (Clements 1916)—in managing the range-
lands of the American West. The profound influence of
“Clementsian” theory on range science is widely acknowl-
edged to this day (National Research Council 1994; Society for
Range Management 1995). But both Plant Indicators and
Clements’ role in Santa Rita history have virtually disap-
peared from memory, as evidenced by omission from Medina’s
bibliography. His practical recommendations for managing
livestock in the Southwest have also been largely forgotten,
even though they anticipated many future developments in
semiarid range management. The debates about Clements’
role in range science and ecology have focused on the theory
of plant communities and succession, but | would argue that
the central practical issue was, again, carrying capacity.

Clements suffered from none of Griffiths’ doubts about the
theoretical coherence of carrying capacity, but he defined it
differently and was perhaps more naive than Griffiths about
how it would be used in practice. Specifically, he did not
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construe carrying capacities as static, and apparently he
didn’t see why anyone would.

No other factor produces such rapid and striking changes
in carrying capacity as does rainfall. The difference in the
total yield of the same range in two successive years of
dissimilar rainfall may be greater than 100 per cent, and in
the wet and dry phase of the same cycle it may be even greater
(1920: 292).

Clements believed that some longer “cycle” existed, probably
linked to sun spot activity, which might eventually render
this variability tractable for science and management. But
his practical recommendation was unequivocal:

It is evident that the maximum production can not have a
fixed or average value... A degree of grazing which would be
disastrousinadrought period would fall far short of adequate
utilization during a wet one (1920: 296).

His book exhaustively classified and described Western
rangelands, but he nowhere offered numerical estimates of
acres per animal or animals per section.

It is imperative that the ranchman be prepared to reduce
the pressure upon his range as the dry phase of the climatic
cycle approaches and that he be ready to take full advantage
of the excess carrying capacity of the wet phase. In fact, the
whole system of improvement must be focused upon the
destructive effect of overgrazing in dry years and the possibil-
ity of greater utilization and of successful sowing and plant-
ing during wet years (1920: 311).

Clements also suggested that carrying capacity was a
function not just of a given range and its condition but also
of management. He criticized both overstocking and stock-
ing year around (1920: 297). Making reference to wild
herbivores such as bison, he linked secondary succession to
long periods of rest following heavy grazing (1920: 307), and
he recommended rotation of grazing pressure to imitate this
natural process (1920: 310). Like Griffiths, Thornber, and
Wooton before him, Clements called strenuously for fencing:

Itisimmaterial whether control is secured through owner-
ship or leasing, provided it permits fencing. However, leasing
has the indirect advantage that it enables the State to exact
certain conditions as to utilization (1920: 311).

Although Clements’ theory of succession dominated twen-
tieth century range science, as is well known, his practical
recommendations did not dominate actual management.
There is some evidence that southern Arizona ranchers
practiced summer season rest and variable stocking in the
1920s (Sayre 2002), but whether they took their cues from
scientists is unknown—I would guess they did not, in view
of the fact that continuous yearlong grazing became the
norm when ranchers shifted from stocker to cow-calf opera-
tions in the 1930s and 1940s. Even among range scientists,
Clements’ theory did not catch on quickly, if we may judge
from the Santa Rita archive. In the minutes of the Forest
Service’s District 3 Grazing Studies Conference of Decem-
ber 1921, for example, there is no mention of the work of
Clements (or Sampson), nor of succession or climax com-
munities. With one exception (Wooton 1916), Clements’
influence does not appear in Santa Rita publications until
the late 1930s.

Although the number of publications from this period was
small, their importance to subsequent research and range
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administration was great. Griffiths and Clements were
pioneers of range science both at the Santa Rita and for the
nation. That both of them expressed reservations, tacitly or
explicitly, about the central premise of the system of range-
land administration institutionalized over the following
decades sheds new light on current debates about range
ecology and management in the United States and else-
where (Illius and O’'Connor 1999).

1932 to 1945: Growth and the Shrub
Problem

The second period extended from 1932 to the end of World
War 11, which imposed severe budget restrictions and brought
publications nearly to zero by 1945. With a newly enlarged
staff, the Southwestern Forest and Range Experiment Sta-
tion supported more focused studies of particular forage
species such as tanglehead, black grama, blue grama, and
vine mesquite, as well as of noxious or invasive plants,
particularly burroweed. Numerous studies sought more
accurate and efficient methods of measuring vegetation and
utilization—an outgrowth of the Forest Service’s need to
define and enforce carrying capacities. These new methods
were both scientifically rigorous and practical for agencies,
but they did not really address the question of static versus
dynamic carry capacities on Southwestern rangelands.
Revegetation remained a major focus, but with more atten-
tion on underlying ecological factors such as litter cover and
soil moisture. Research on wildlife expanded as well to
include kangaroo and pack rats, wood rats, quail, jackrab-
bits, and rattlesnakes. Finally, there was a more specialized
attention to practical management issues as viewed from
the perspective of private ranchers. Matt Culley (1937)
produced a detailed study of the economics of one of the
Santa Rita’s cooperating ranches, and he and Kenneth
Parker placed numerous articles in livestock journals on
range and management issues such as poisonous plants,
drought, and proper stocking.

Perhaps the mostimportant study performed during this
period, historically speaking, was one that was not pub-
lished. “Occurrence of Shrubs on Range Areas in South-
eastern Arizona” (Upson and others 1937) was a coopera-
tive survey conducted in 1936 and 1937 by the Southwestern
Forest and Range Experiment Station, the Arizona Agri-
cultural Experiment Station, the Agricultural Adjustment
Administration, and the Bureau of Agricultural Econom-
ics. Itinvolved vegetation measurements at 450 sites coupled
with ocular surveys of nearly 12 million acres, resulting in
maps of the dominant vegetation covering all of southeast-
ern Arizona (figs. 3 and 4). Nearly a third of the area was
dominated by grasses, and another quarter by creosote;
cactus and burroweed dominated just over 9 percent each,
and mesquite dominated another 7 percent; wolfberry,
saltbush, and snakeweed dominated the remaining 10
percent. The mesquite, snakeweed, and burroweed areas
were singled out as having expanded in recent memory,
usually at the expense of grasses, and therefore as having
the greatest potential for restoration. Up to this point,
burroweed had received far more attention from Santa Rita
researchers than the other two species, but the survey
found mesquite to be the most widespread of the three,
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Figure 3—Map of “principal plant cover of range areas in southeastern Arizona,” 1936 to 1937. The report containing
this map drew attention to shrub encroachment in areas formerly dominated by grasslands, and helped shift attention
from burroweed to mesquite (Upson and others 1937).

present on more than 9 million acres—three-quarters of taken to indicate that such areas “may also be considered,
the region. Understanding, explaining and remedying this ecologically, a climax grassland type” (p. 12). The authors
shift would be the dominant research priority of Santa Rita argued that reducing or eliminating grazing would retard or
range scientists for decades to come. prevent shrub encroachment, although they also acknowl-
As mentioned above, Griffiths had noted the spread of edged documented cases where this had not worked, sug-
mesquite nearly 30 years earlier and had attributed it gesting the possibility that “there are other factors than
primarily to fire suppression, not grazing. Curiously, “Oc- grazing which favor the spread of shrubs” (p. 24).
currence of Shrubs” did not discuss fire at all, aside from a Researchers initiated studies of mesquite immediately
brief mention under “Artificial Means of Control” of following completion of the report, but they did not focus on
burroweed (p. 26). The report’s explanation of shrub expan- adjusting stocking rates. Instead, techniques of killing the
sion was that grazing—and only grazing—had shifted the trees outright were tested (Parker 1943). In 1940, a study
competitive balance between grasses and shrubs, and that was launched in which mesquite and/or burroweed were
heavily grazed areas around water sources had provided killed on 1-acre plots; it was followed in 1945 by another,
sitesfor establishment and subsequent spread of shrubs into which used prisoner-of-war labor to thin mesquite to vari-
the surrounding range (p. 12-15). Thisargumentwas framed, ous densities on 2-acre plots. Also in 1940, the Carnegie
moreover, in explicitly Clementsian terms: grasslands “rep- Institution ceased its support of the Desert Lab and turned
resent, of course, the climax type” for the region, and evi- its facilities on Tumamoc Hill over to the Forest Service.
dence of former grass dominance in areas of shrubs was The SWFRES had its headquarters there until 1953, when
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Figure 4—Map of “occurrence of mesquite on range areas in southeastern Arizona,” 1936 to 1937. The
ubiquity of mesquite, present on roughly 75 percent of the region, led to intense research efforts on the
Santa Rita for four decades, and especially from 1946 to 1966. At the time this map was made, however,
mesquites exceeded 30 plants per acre on only 15 percent of the region; heavy stands (>80 plants per
acre) were confined almost entirely to major drainages (Upson and others 1937).

it was merged into the Rocky Mountain Forest and Range
Experiment Station (RMFRES), headquartered in Fort
Collins, CO.

1946 to 1965: Age of Mesquite

The pace of research rebounded quickly with the end of the
war, and the focus turned decisively to mesquite. The overall
goal was the same as in Griffiths’ day: restoration of peren-
nial forage grasses. But now shrubs, rather than just bare
ground, stood in the way. The postwar period was a prosper-
ous one for both ranchers and agencies, and practices previ-
ously deemed uneconomical might now pencil out. Begin-
ning in the late 1940s, the Hope-Flannagan Research and
Marketing Act made funds available for research on noxious
range plants.

In 1948, with cooperative agreements up for renewal on
both the Santa Rita and the Jornada Experimental Range,
Kenneth Parker composed “An analysis of range problems
in the Southwest,” another internal document. He cited the
1937 shrub survey in support of the claim that “mesquite
constitutes a problem on some 8 million acres” in southern
Arizona (p. 57)—this appears to have been an exaggera-
tion, as the survey had found medium and high densities of
mesquite on less than 2 million acres (fig. 4). Parker
rejected the earlier study’s Clementsian expectation that
reduced grazing would reverse the trend toward shrub
domination, however. Meter-square quadrats going back to
1916 indicated no consistent relation of vegetation with
either climate or grazing pressure (p. 73); herbage produc-
tivity had declined substantially, even with steadily re-
duced stocking rates (p. 77—-79). Parker concluded that “no
degree of moderation in grazing use will eliminate these
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Recognizing History in Range Ecology: 100 Years of Science and Management...

low value plants. The meaning, in unmistakable terms, is
that if we are to continue grazing use by domestic livestock
some positive, drastic treatmentwhich will eliminate these
plants will be necessary to achieve conservation of the
grazing resource” (p. 71). Because shrub encroachment
also threatened watershed function and, therefore, agri-
cultural and municipal water supplies, Parker argued that
“[t]he future welfare of the Southwest is dependent on how
well and in what manner the range resource is used” (p. 7).
During the severe drought of the early 1950s, a sense of
emergency pervaded the ranching industry, and the “war
on mesquite” played well in local newspapers (Sayre 2002).

In all but 3 years from 1947 through 1965, no less than
one-third and often as many as two-thirds of Santa Rita
publications focused on velvet mesquite (49 out of 109 papers
altogether). Studies ranged from basic questions of life
history and reproduction, to demographic analyses, to ef-
fects on soils and competition. Herbicidal approaches to
mesquite control using diesel oil or chemicals were increas-
ingly prevalent in the publications of this period. As in
Griffiths’ day, efforts were launched to find (or create by
hybridization) a perennial grass capable of establishmenton
degraded semiarid rangelands, and this time several were
found among South African lovegrasses, although the full
implications of this success would not be evident until the
late 1960s. Work on small mammals also continued, and
whereas many earlier rodent studies had emphasized nega-
tive impacts on grasses, now some researchers focused on
rodents’ role in helping to propagate shrubs. Other wildlife
research in this period included studies of javelina, cactus
wren, Gambel quail, and deer.

This body of research has been of major and lasting
significance to scientific understanding of semiarid grass-
shrub rangelands, even though it fell short of its own
goals for practical management. From a theoretical per-
spective, the decisive turn was from the Clementsianism
of the 1937 shrub report to Parker’s observation in 1948
that reducing or eliminating grazing would not by itself
cause a reassertion of grasses. This opened up research
questions that extended well beyond issues of livestock
production, laying the foundation for subsequent inves-
tigations into water cycling and erosion, the spatial and
temporal distribution of moisture and nutrients as it
affects plant growth and competition (fig. 5), and the role
of small mammals and invertebrates in semiarid ecosys-
tem processes. These issues would emerge to dominate
Santa Rita research in the following period. At the time,
however, the concerns of range managers still focused
primarily on producing livestock, and from this perspec-
tive the research fell somewhat short. The methods
developed for controlling mesquite were effective only if
the larger economics of ranching were very favorable—
cheap diesel and high prices for calves—and only on
fairly short time scales of 10 to 20 years, as mesquite
steadily reclaimed treated lands. Although vast acre-
ages would be cleared over the 30 years from 1950 to
1980, the goal of restoring native perennial grass domi-
nation once again proved elusive.

Today, we think we know the reason for this shortcoming:
the near-total absence of fire from Southwestern semi-
desert grasslands. Fire was likewise missing from most
Santa Rita research and publications of the period. In his
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Figure 5—The temporal distribution of effective
rainfall, 1916 to 1948. Shaded areas on the graph
represent periods when rain fell on successive days
or were preceded or followed by storms of 0.4 inch
or greater during the summer growing season. The
graph reflects growing understanding of the ecology
of major forage plants on the Santa Rita, which were
predominantly C,-pathway perennial grasses lim-
ited by the distribution of moisture in space and time,
rather than by gross annual or seasonal rainfall
(USDA 1952).

1948 internal analysis, Parker alluded to Griffiths’ com-
ments on fire suppression, but he did not elaborate on them
or recommend research on the subject. Similarly, “The
Santa Rita Experimental Range” booklet of 1952 (USDA
1952) devoted one-sixth of its text and numerous photos to
noxious plant control, without a single mention of fire.
Somewhat of a maverick, Robert Humphrey—who had origi-
nally hired on with the Desert Lab—published numerous
papers making the case that fire suppression was the funda-
mental cause of woody plant encroachment, and that restor-
ing fire could economically control the problem. But his
argument was based more in natural history than in experi-
mentation, and the idea did not go far, producing only two
Masters theses, one technical bulletin, and two peer-re-
viewed publications other than Humphrey's own articles
during this period. Ranchers, agencies, and the general
public were all accustomed to vigorous fire suppression, and
the real-world risks were obviously high. Moreover, in Parker
and Martin’s (1952: 14) words, “[t]he effect of fire or lack of
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fire on the occurrence of mesquite stands is a moot question.”
Whether from grazing, drought, shrub encroachment, or a
combination of the three, much of the region’s rangelands
simply didn’t have enough herbaceous fuels to carry a fire.
Lehmann lovegrass had the potential to change this, how-
ever, and Humphrey stood alone on this subject, too, calling
attention to the possible downsides of Eragrostis
lehmanniana a decade before anyone else (Humphrey 1959).

The attention placed on chemical and mechanical mes-
quite control cast a long shadow, obscuring less exciting
topics such as grazing management. Recommended prac-
tices were not much changed from earlier periods: stock
conservatively, distribute grazing pressure evenly, defer or
minimize grazing pressure during the summer growing
season (USDA 1952). Echoing Clements, the 1952 Santa
Rita booklet documented the wide variability of rainfall and
forage production, and it cautioned “that the practice of
building up numbers in the occasional good years removes
the only chance that the range might have to improve”
following drought (USDA 1952: 14). But it sought, neverthe-
less, to establish atemporal guidelines for stocking rates and
utilization (fig. 6).
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Figure 6—Graph of forage yield and rainfall on an
annual basis, 192510 1933. Dashed horizontal lines
indicate average rainfall (top) and average forage
production (bottom); the solid horizontal line signi-
fies the—"“proper basis of use,” defined as roughly
20 percent below average forage production. In-
tended to prevent overgrazing during recurrent dry
years, this guideline nevertheless perpetuated the
conception of carrying capacity as a static attribute
of Southwestern rangelands (USDA 1952).
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Meanwhile, postwar prosperity allowed greater capitali-
zation of many ranch operations, and mesquite control was
only one of a long list of investments ranchers were making:
in improved breeding, more fencing and water development,
and new technologies for handling cattle (for example, hold-
ing corrals, squeeze chutes, calf tables, pickup trucks, and
trailers). The “old ways of doing things on the range... were
romantic, and led to a simpler and more friendly way of life,”
according to the booklet. “However, they cannot compete
with the modern way of doing business,” which involved
replacing labor costs with fixed costs (USDA 1952: 9). By
this time, cow-calf operations were the norm, and the
booklet recommended dividing one’s herd into groups of 50
to 100 animals, each group with its own fenced pasture, to
allow closer supervision and control of breeding. This
amounted to continuous yearlong grazing, which became
the norm in the region during this period.

1966 to 1988: Ecology and the Santa Rita
Grazing System

Research on mesquite continued through the 1970s, but
itsdominance waned. The period 1966 to 1988 was the most
prolific in the Santa Rita’s history, and the proportion of
publications devoted to mesquite declined to only 10 per-
cent of the total, compared to 45 percent in the previous
period. A wide array of new research foci emerged, reflect-
ing new interests and methods both in range science and in
ecology more generally. In the late 1960s, animal scientists
used fistulated steers to study cattle diets, nutrition, and
weight gain, and the idea of frequent, automated weighing
of livestock was pursued. In the early 1970s, the Interna-
tional Biological Program’s Desert Biome project produced
a small mountain of research on soil nutrient flows, soil
moisture, termites, and ants. Other research also looked
below the surface of the ground to examine root systems of
grasses in grazed and protected sites, competition among
plants for soil moisture, variations in soil temperature,
factors affecting runoff and infiltration, fungi, and the
penetration and breakdown of various chemicals, espe-
cially insecticides. Wildlife research picked up consider-
ably in the late 1970s, comprising more than a third (22 of
63) of all publications from 1976 to 1981. Different research
activities fed off one another, symbiotically or parasitically
depending onyour perspective: mesquite removal for range
restoration experiments raised the question of wildlife
habitat effects; the discovery that termites consume large
quantities of biomass provoked attempts to control them,
just as had happened in earlier decades with rabbits and
rodents.

The problem of mesquite had not gone away. Rather,
confidence and funding had dissipated relative to other
interests. Herbicidal methods had largely failed, and from
the oil crisis of the early 1970s on, the cost of mechanical
treatment could not be justified given stagnant real re-
turns to livestock and the likelihood that retreatment
would be necessary down the road. Where large-scale
mesquite clearing continued, it was underwritten by real
estate appreciation and other nonranching investments,
and it was motivated at least partially by tax policies that
incentivized losses (Sayre 2002). Meanwhile, opposition to
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mesquite control, especially using chemicals, emerged
among nonranchers as part of the larger social concern for
the environment.

The turn to a broader ecological orientation was re-
flected in range science research by Clark Martin’s work
on grazing systems. Building on earlier Santa Rita find-
ings about the timing of forage growth, Martin had initi-
ated studies of various grazing/rest schedules on small
plots beginning in 1957, and in the early 1970s he con-
cluded that spring-summer rest 2 years out of 3 produced
significant improvement in perennial grasses compared
to continuous yearlong grazing (Martin 1973). He antici-
pated that these improvements would be concentrated in
areas of poor range condition (Martin 1978), a prediction
later confirmed in a 10-year study (Martin and Severson
1988). Perhaps the most intriguing discovery of Martin’s
research, and of related work by Dwight Cable (1971,
1975), was that grazing and drought had interactive,
lagged effects extending over 24 to 36 months: significant
improvement resulted from 2 successive years of good
summer rains, and grazing could retard recovery during
the first postdrought summer. These findings echoed the
views of Griffiths, Clements, and the 1952 Santa Rita
booklet, supporting them with hard data.

Rest-rotation grazing was not new, of course. It had
antecedents in the work of Clements, among others, and the
idea of deferring grazing until late in or after the growing
season had been promoted in the 1910s by Jardine and Hurtt
(1917) and Sampson (1914). What was new, it appears, was
a commitment within the Forest Service to encourage the
implementation of rotational systems on allotments through-
out the Southwest. Hormay and Talbot (1961) had revived
and systematized rest-rotation in the early 1960s, pointing
out that under yearlong systems selective grazing would
disproportionately impact palatable species, even at conser-
vative stocking rates. Only periodic rest could prevent this,
and fairly heavy grazing could be beneficial if it reduced
selectivity. Hormay and Talbot even claimed that “grazing is
eliminated as an environmental factor under rest-rotation
grazing” (p. 40). Whether true or not, their claim completed
a paradoxical evolution in range science. The discipline had
long embraced Clements’ theory of succession while neglect-
ing his practical management ideas. Now it embraced one of
his management ideas (without crediting him), and used it
to renounce one of the central tenets associated with his
theory: the primacy of grazing in determining vegetation.
Cable’s (1975) research indirectly supported this view by
documenting the overriding importance of summer rainfall.

1988 to Present: Land Swap and
Reorientation

Medina’s bibliography extends only to 1988, and without
knowing his methods and criteria | am reluctant to attempt
to update it. The date would be an arbitrary endpoint for
historical analysis, except that it was also a pivotal year in
the administration and ownership of the Santa Rita Experi-
mental Range. Funding for Santa Rita range science re-
search had been stagnant or declining since 1975, when the
Tucson-based Southwestern Station of the Rocky Mountain
Forest and Range Experiment Station had been merged into
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the Experiment Station at Tempe. Relative to the Southwest’s
booming urban and suburban economic sectors, livestock
grazing had begun to appear less significant, and by the late
1980s the Santa Rita was in danger of becoming an expen-
sive anachronism. That the title to the range still resided in
the Interior Department—a fact that many people had
overlooked, it seems—now became significant. It meant that
the Rocky Mountain Station, and the USDA as a whole,
could simply walk away from the range in response to
shifting priorities and limited budgetary resources. This
would leave it in the hands of the BLM, inheritor of all
undisposed General Land Office holdings. But the BLM did
not have resources or reason to manage an experimental
range either.

Resolution came rather hastily and from an unexpected
direction (Sayre 2002). Some 50 miles southwest of the
range, in the Altar Valley, another branch of the Interior
Department faced a difficulty. The Fish and Wildlife Service
(FWS) had purchased the Buenos Aires Ranch in 1985,
mainly for the purpose of restoring the endangered masked
bobwhite quail. The ranch included leasehold to nearly
90,000 acres of State Trust lands, intermixed with 21,000
acres of deeded land. The FWS had removed all livestock
from the new Buenos Aires National Wildlife Refuge, and it
had no intention of grazing there. This meant, by policy, that
the State Land Department had to reclassify the leases as
commercial and charge the FWS commercial rates: 10 per-
cent of fair market value of the land, or more than half a
million dollars a year. Several small land exchanges were
formulated, which would have enabled the refuge to consoli-
date its ownership of the prime masked bobwhite habitat.
But the vast majority of the Buenos Aires lease lands would
have remained subject to reclassification, or to reassign-
ment to livestock operators.

Following a change in the governor’s office in 1987, the
Land Department began to press its case and the Buenos
Aires lease fees started to increase, forcing regional FWS
officials to scramble to cover the payments. Early in 1988,
Regional Director Michael Spear and Arizona BLM Direc-
tor Dean Bibles came up with a solution, which passed into
law with the Idaho-Arizona Conservation Act that Novem-
ber. Nearly two and a half years later, in April 1991, the
transaction was executed: The Interior Department got the
Buenos Aires lease lands, and the State Land Department
took possession of the Santa Rita. Under a special designa-
tion passed by the Arizona legislature, the experimental
range was rededicated to research and education. It was
also assigned as its beneficiary the University of Arizona,
which administers the range and collects lease payments
directly from cooperating graziers. In this way, the Santa
Rita conforms to the constitutional mandate of the State
Trust togenerate revenue for beneficiaries, butitis outside
of the ordinary policies and procedures of the Land Depart-
ment. The designation remains in place indefinitely, until
and unless superseded by legislative action (Mitch
McClaran, personal communication).

Under its new ownership, the Santa Rita has continued to
host research projects and to work with its cooperating
grazing lessees. The larger social, economic, political, and
scientific context has shifted dramatically since 1903, how-
ever, and the orientation of research on the experimental
range is changing to reflect new interests, opportunities,
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and constraints. Issues of forage and livestock production
are receding relative to those of climate change, ecological
restoration, watersheds and wildlife. 1 will return to this
reorientation in a moment, after considering the second
question with which | began.

Effects on the Range

What difference did Santa Rita research make on South-
western rangelands? The questionis surprisingly difficult to
answer.

Many innovations developed or recommended by Santa
Rita researchers have been widely adopted: the installation
of water sources every 2 to 3 miles across the range and the
careful placement of mineral supplements to distribute
grazing pressure evenly; the use of improved breeds and
livestock handling techniques; various methods of brush
control and revegetation with grasses; the construction of
interior fences to control both breeding and grazing; rigorous
culling of underperforming animals; and myriad variations
on rotational grazing. Exactly where and when these prac-
tices have been implemented, however, and to what effect on
range conditions, are difficult to determine. Grazing impacts
have probably been made more homogeneous and less se-
vere over the landscape, with differential effects depending
on the scale and organism of concern. Lehmann lovegrass is
established in most of the areas suited to it; whether it is
choking out native grasses or otherwise causing harm is still
a matter of debate, but it has unquestionably succeeded in
reducing erosion compared to former conditions of shrub
dominance. Many ranchers now understand the historical
role of fire in these landscapes, and some are working
diligently to restore it; how widely this will succeed, it is too
early to tell.

One core message—avoid overgrazing—has been a con-
stant of Santa Rita management recommendations, along
with the goal of restoring perennial, warm-season grasses.
Beginning early in the twentieth century, these came to-
gether in policies focused on proper stocking of National
Forest allotments; later, a similar approach was applied to
BLM and State lands. Clearly, proper stocking was, and
remains, central to good range management. But what did
itmean in practice, and what role did research play in actual
stocking decisions?

Itis generally known that forage production and stocking
rates, as well as carrying capacity figures, have declined
significantly in the past 125 years. The stocking rates
recommended by Clark Martin in 1975, for example, ranged
from less than 4 to 18 to 25 AU per section, depending on
condition andelevation (Martin 1975: 10); these are all lower
than the rates recommended by Griffithsin 1910 and Wooton
in 1916, and less than half of actual rates described by Potter
for the area pre-1891. Actual stocking of the Altar Valley
before 1920 was three to fives times greater than at present
(Sayre 2000). As with the West as a whole, assessments of
regional range conditions have been sporadic and hampered
by inconsistent or disputed methodologies (National Re-
search Council 1994).

Excessive grazing is usually viewed as the major cause of
these declines. The agencies were expected to enforce stock-
ing rates, but on the expansive range compliance had to be

12

Recognizing History in Range Ecology: 100 Years of Science and Management...

largely voluntary, and there is evidence that overstocking
was widespread in the past. Using sales data and interviews
for 160 ranches that changed ownership from 1957 to 1963,
Martin and Jefferies (1966) found that actual stocking of
BLM and State Trust allotments was, on average, twice the
official rates. Stocking decisions on State lands were largely
at ranchers’ discretion until the early 1980s, and it seems
that every old timer has stories to tell of permittees who
chronically overstocked their Federal or State allotments.
For obvious reasons, however, more comprehensive data on
the extent and severity of overstocking are extremely diffi-
cult to find.

Any assertion of causality between overstocking and
range depletion must be qualified, however. Arecentanaly-
sisof regional vegetation change argues that the drought of
the 1890s might well have resulted in widespread arroyo
formation even if unaccompanied by overgrazing (Turner
and others 2003). Likewise, the drought of the 1950s
appears to have pushed some Southwestern rangelands—
withand without livestock grazing—across thresholds from
which a return to climax has not occurred (Herbel and
Gibbons 1996). Studies such as these suggest that grazing
impacts may have been significant during periods of severe
drought and much weaker, or even nil, during wetter
periods. When summer rains were good, conditions could
improve in the direction of the “climax” of perennial bunch-
grass dominance, even under rates of stocking that we now
characterize as excessive. This occurred, for example, in
the upper end of the Altar Valley in the 1930s (Sayre 2002).
Depletion appears to have been concentrated in drought
periods, when herbaceous vegetation could decline signifi-
cantly even without livestock present.

It can plausibly be argued—although not proven—that
the changes in vegetation observed during the twentieth
century would have occurred even if actual stocking had
adhered to official carrying capacity estimates. Very likely,
those estimates were unnecessarily restrictive during wet
years and too permissive during severe droughts. In spite of
the great natural variability in forage production, ranchers
had obvious economic incentives to maintain their herds,
even at the risk of overgrazing. “The general practice of
stockmen takes no account of the great variation in yield
between the dry and wet phases,” complained Clements
(1920: 297); this sentiment recurs in reports and bulletins
throughout much of the century. Of course, actual stocking
was never completely static, and carrying capacity esti-
mates continued to be debated, studied, and revised through-
out the century. But the expectation that some correct
number of livestock should exist for each allotment, indepen-
dent of time, was a misconception perfectly suited to strain
relations between agencies and lessees. How could the
agencies ever demand reductions below official capacities,
even in severe drought, if the figures were supposed to
account for poor years? Conversely, how could lessees take
official capacities seriously in wet periods, when forage was
many times greater than permitted numbers of animals
could consume? Range scientists generated carrying capac-
ity estimates that aspired to be independent of fluctuating
rainfall, and economic and political constraints compelled
ranchers and agencies to interpret proper stocking in terms
of static carrying capacities—Griffiths’ muted doubts and
Clements’ explicit admonitions notwithstanding.
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In summary, the effects of Santa Rita research on
regional rangelands are uncertain. Many management
practices have been adopted, although we do not know
how directly to attribute adoption to research findings. In
some cases, such as the shift from stocker to cow-calf
operations, the science may have reflected, rather than
prompted, the actions of producers responding to market
incentives. Santa Rita research did provide a relatively
independent and objective point of reference for agencies
and ranchers as they endeavored to control the number of
livestock grazing on the region’s Federal and State lands.
This appears to have worked reasonably well provided
that moisture was close to normal—although the norm
may itself have been little more than a statistical artifact.
Wet periods probably undermined ranchers’ respect for
agency guidelines (and perhaps the science behind them
as well); dry periods probably undermined agencies’ con-
fidence in ranchers’ judgment and intentions.

Whether observed changes in vegetation are reversible
depends on whether twentieth century erosion has perma-
nently altered the capacity of a given site to support the
earlier vegetation (Turner and others 2003: 261). Where
the answer is yes, overgrazing may have been responsible,
and the threshold was probably crossed during a major
drought. The static conception of carrying capacity—which
Southwestern range scientists did not expressly denounce
until the 1960s (Paulsen and Ares 1961), and which in
practice remains pervasive to this day—may in turn be
viewed as a contributing factor. In view of the writings of
Griffiths and Clements, however, blame should fall not so
much on the science produced from the Santa Rita and
other experimental ranges as on the translation of research
findings into policy and administration. Had Clements’
dynamic notion of carrying capacity been more widely
embraced, it is possible that the shortcomings of his theory
would not be so obvious today: Agencies and ranchers
might have adjusted stocking rates more aggressively, and
the lasting damage of heavy grazing during drought might
have been avoided. Then again, highly variable carrying
capacities might have made Clements’ theory economically
and administratively impractical and precluded its adop-
tion in the first place. Ironically, Clements himself feared
that his theory might serve as “an excuse for overgrazing”
(1920: 310), but whether any ranchers or agency officials
rationalized heavy stocking in this way is unknown.

Conclusions

The decision to create the Santa Rita Experimental Range
in 1903 rested on at least two interlocking premises. The
first was that it was biogeographically representative of a
large swath of Southwestern rangelands. Within its bound-
aries could be found conditions of vegetation, topography,
soils, and climate similar to those of some 20 million acres in
Arizona, New Mexico, and Texas (USDA 1952; fig. 7). The
second was that it was a representative management unit,
similar in size to the larger ranches that dominated the
region. Both premises reflected the judgment that the high-
est economic use of Southwestern rangelands was grazing,
such that research aimed at the needs of ranchers and range
managers could benefit the entire area. A century later this
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judgment no longer holds, and both premises therefore
warrant reconsideration.

The highest uses of rangelands today, economically speak-
ing, are housing development and recreation. Livestock
grazing in and of itself is relatively insignificant from this
perspective, although in combination with other demands—
for open space, wildlife habitat, and watershed function, for
example—the overall value of ranching remains high. With-
out getting into whether social demands on rangelands
complement or compete with one another, one can safely say
that the “highest and best” use is no longer uniform. Rather,
it varies depending on factors such as proximity to urban
areas, transportation corridors, or recreational hotspots; the
distribution of wildlife species and their habitats; amenity
values such as scenery and fine weather; and the threats
posed by wildfire, floods, and drought to urban and exurban
settlements.

The landscape is further differentiated by the history of
management. Under equilibrial assumptions this was a
secondary matter because the essential features of the range
were fixed by soils and climate and would reassert them-
selvesifgivenachance. In theory, once scientists figured out
how things worked on the experimental range, their knowl-
edge could be taken and applied elsewhere. Now things don’t
look so simple, because we understand—at least in theory—
that discrete events or combinations of events may have
shifted conditions in different ways at different places or
times. Some drainages are cut by arroyos, while others are
not. In some valleys Lehmann lovegrass was planted on
large areas and has spread, while in others it is limited to
roadways or absent altogether. Fields cleared for cropsin the
early 1900s still show the effects, decades after abandon-
ment. In some places landscape-scale fires have happened in
living memory, although in most they have not. All these
factors are superimposed on the natural variability of rain-
fall across space and time as well as the complex patterns of
slope, aspect, soils, and vegetation.

There is still a near consensus that native perennial
grasslands are the most desirable state for the region’s
semiarid rangelands, but the goals of restoration are no
longer rooted in livestock production nor measurable in
terms of carrying capacity. Consequently, how to achieve
restoration, and at what cost, are far from clear. New goals
include wildlife conservation, watershed function, open space
for recreation or for scenery, and ecological restoration. Most
of these generate revenues only indirectly, if at all, and they
are often pursued in the absence of long-term, site-specific
data. Where were various wildlife species present at what
points in the past? How many livestock did each watershed
support during the drought of the 1950s? Which arroyos
have grown in recent decades, which have aggraded, and
what factors are responsible? In summary, a map of the
areas to which knowledge from the Santa Rita might be
applied today would look quite different from the one shown
in figure 7.

The second premise is still true, but less universally so,
and its significance is different from before. Fifty-six thou-
sand acres remains a good size for addressing practical
management problems on Southwestern ranches and on
ranches converted to preserves (if not ranches that have
subdivided). The nature of those problems has changed in
fundamental ways, however, keyed to both spatial and
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Figure 7—Map depicting the geographical areas deemed comparable to the Santa Rita Experimental
Range, 1952. Although based primarily on biogeographical criteria, this judgment of the range of
applicability of Santa Rita research also contained social and economic assumptions, many of which must
be reconsidered in light of dramatic changes in the region’s economy and demography (USDA 1952).

temporal scale. Although the Santa Rita is large, the vast
majority of experiments conducted there have been rela-
tively small (<100 acres, certainly); this reflected both prac-
tical constraints and the overriding interest in maximizing
forage production and optimizing utilization. It was gener-
ally assumed that findings would extrapolate to larger areas
unproblematically. More recent empirical and theoretical
work casts doubt on this assumption, and today scientists
aspire to landscape-scale observations and experiments.

A parallel change has occurred along the temporal axis.
Most experiments have been less than 5 years in duration,
but longer term data sets have had the most enduring value,
even when they did not lead to publications. Perhaps the
most valuable information derived from the Santa Rita in
the past century, given today’s needs and concerns, is the
long-term series of matched photographs. The power of the
photos is greater than just visual—it derives from their
ability to capture change on a temporal scale unavailable to
the mortal eye and impractical for more sophisticated tech-
niques of data collection. With knowledge and concern about
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climate change growing, data reaching back a century are
increasingly important. That more research has not been
conducted over periods of about 50 years is regrettable, but
it appears that it took that long for us to recognize the need.
Stewarding and sustaining the Santa Rita is essential for
the continuation of past research and for crafting further
long-term studies designed to answer today’s questions.

Finally, it is worth reconsidering the assumption that
knowledge about rangelands must originate from experi-
ments performed in places such as the Santa Rita. In 1903,
few ranchers had more than 30 years’ experience managing
their lands, and it made sense to aspire to teach them what
could be learned by careful scientific investigation. Today,
there is a significant, albeit shrinking, number of ranchers
whose families carry 100 or more years’ experience in
one place. Their history, and their knowledge, ought now
be understood as a storehouse of genuine and valuable
knowledge for the second century of range science in the
Southwest.
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Mitchel P. McClaran

A Century of Vegetation Change on the
Santa Rita Experimental Range

Abstract: We know more about vegetation change on the Santa Rita Experimental Range since
1903 than is known about any other 20,000-ha area in the world. This record is only possible
because important techniques of measuring vegetation changes were developed on the Santa Rita,
such as repeat photography and the line intercept transect method, and because they were applied
often and broadly. A 100-year record of experiments and systematic observations nourishes the
interpretation of these changes. Together, they describe a steady increase of mesquite trees, four
cycles of burroweed eruption and decline, one cholla cactus cycle, interannual and interdecadal
variation in native grass composition, and the recent dominance of the nonnative Lehmann
lovegrass. The most conspicuous change is the increase of mesquite, which began before 1903
when the spread of seed by livestock and cessation of fire led to the establishment of mesquite in
the open grasslands. The growth of these plants and subsequent recruits transformed the
grasslands into amesquite-grass savanna, and neither the elimination of livestock grazing nor the
occasional fire has reversed this change. Burroweed cycles appear to be more closely related to
winter precipitation patterns and maximum plant longevity than land management activities.
Similarly, the increase of Lehmann lovegrass is largely independent of livestock grazing management.

Keywords: mesquite, burroweed, cacti, perennial grasses, Lehmann lovegrass, cover, density,
repeat photography
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Introduction

A century of detailed observation, repeat photography, and systematic remeasurement provide an unparalleled opportunity
to reckon the past, evaluate the present, and predict the future vegetation changes on the Santa Rita Experimental Range.
The long and rich history of experiments and manipulations provide valuable information for interpreting these changes. This
legacy reveals that future vegetation changes will likely be contingent on the elevation and soils, future precipitation patterns,
and the current condition of the vegetation.

In general, the century of vegetation change on the Santa Rita included (1) an increase in mesquite trees; (2) several cycles
of burroweed and cholla cactus that persisted for several decades; (3) an initial increase in native perennial grasses following
livestock removal in 1903 and subsequent seasonal and annual fluctuations; and (4) increased dominance of the nonnative
Lehmann lovegrass since 1975 and the coincident decline of native grasses. However, these dynamics have not been uniformly
expressed in space or time. In some cases these inconsistencies are clearly associated with unique geomorphic features such
as washes and soil differences or distinct precipitation patterns, but other inconsistencies are not as easily explained.

Mitchel P. McClaran is Professor of Range Management, School of Renewable Natural Resources, 325 Biological Sciences East, University of Arizona, Tucson,
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This paper describes the patterns of vegetation change on
the Santa Ritasince 1903 and reviews the research attempt-
ing to interpret the mechanisms contributing to these pat-
terns. The information is confined to work performed on the
Santa Rita in order to celebrate the richness of that legacy.
The physical setting and administrative history are de-
scribed first, followed by a review of the methods used to
measure vegetation that were developed on the Santa Rita.
The patterns and interpretations of changes in mesquite,
burroweed, cactus, and perennial grasses are then reviewed.
The concluding section begins by stressing that we are
obliged to continue remeasuring and rephotographing these
areas in order to continue this legacy. A brief description of
interpretative research opportunities follows. Finally, sug-
gestions are made for applying these data to evaluate theo-
retical issues of vegetation change and for developing prac-
tical management tools that are based on a large empirical
body of work.

The Santa Rita

Located about 80 km south of Tucson, AZ, the 21,000-ha
Santa Rita Experimental Range stretches across the west-
ern alluvial skirt of the Santa Rita Mountains. Elevation
increases from about 900 to 1,400 m, and average annual
precipitation increases along this gradient from 275 to 450
mm (fig. 1). Between 1,100- and 1,200-m elevation, the mean
(1922 to 2003) summer and winter precipitation have been
213 and 158 mm since 1922 (fig. 2). There is striking
evidence of significant interannual (CV winter = 44.7 per-
cent and CV summer = 31.4 percent) and interdecadal
variation in precipitation at these elevations, and similar

4 Kilometers

Figure 1—Elevation and annual precipitation
gradients onthe Santa Rita Experimental Range.
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patterns occur at other elevations. Noteworthy features of
the precipitation record are distinct summer and winter
patterns; very wet summers in 1931 and 1984; a prolonged
dry period from 1932 to the late 1950s; wet conditions in the
mid 1980s; and since 1988 to 1989, high interannual vari-
ability (CV winter = 51.0 percent and CV summer = 37.6
percent).

The current vegetation is a mixture of short trees, shrubs,
cacti and other succulents, perennial grasses, and other
herbaceous species (table 1). The physiognomy ranges from
adesertscrub at the lowest elevations to savannawoodlands
at the highest. The most extensive vegetation is a mesquite-
grass savanna, but Desert Grassland has become a popular
moniker (McClaran 1995).

Established in 1903, the Santa Rita is the oldest continu-
ously operating rangeland research facility in the United
States (McClaran and others 2002). Until 1988, it was
operated by the U.S. Department of Agriculture, first by the
Bureau of Plant Industry (1903 to 1915) and later by the
Forest Service (1915 to 1988). It was then transferred to the
to the Arizona State Land Department (Medina 1996). The
38" Arizona Legislature (1987) dedicated the area for range-
land research and education, and assigned administration
to the University of Arizona, College of Agriculture and Life
Sciences (Arizona Senate Bill 1249).

Beginning around 1880, overgrazing of vegetation and
livestock dieoff were widespread because severe droughts
were common and open access to rangeland prevented con-
trol of livestock numbers (Bahre and Shelton 1996; Griffiths
1904). Fires were probably frequent prior to the intensifica-
tion of livestock grazing (Humphrey 1958), and based on the
survival rates of different sized plants, the average time
between fires appears to have been 5 to 10 years. Since 1903,
fire has been very rare. However, three arson-caused fires in
June 1994 covered about 10,000 ha.

Between 1903 and 1915, livestock were excluded from all
areas below about 1,200-m elevation to allow the vegetation
to recover from overgrazing and to ascertain its productive
potential. Since reinstatement of grazing in 1915, hundreds
of experiments and manipulations have been performed to
evaluate livestock grazing practices, rodent influences, meth-
ods of vegetation control, and seeding of plants (Medina
1996). A portion of this original data is available in digital
form (McClaran and others 2002), but most of it resides in
the paper archive at the College of Agriculture and Life
Sciences, University of Arizona.

A Legacy of Documenting
Vegetation Dynamics

Our well-founded understanding of vegetation change
during this century is only possible because of the long
record of observations, photographs, and systematic
remeasurement. No other research facility has a longer and
more detailed record of vegetation change. The duration and
detail of vegetation change documentation at the Santa Rita
is unrivaled thanks to the foresight, innovation, and initia-
tive of early scientists. Records of their measurements and
observations have been published or otherwise preserved,
and there are many cases where succeeding scientists have
continued these measurements. Although initial vegetation
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Figure 2—Seasonal and standardized difference for precipitation on the Santa Rita Experimental
Range, 1901-1902 to 2002—-2003. Values are from 1902—-1903 to 1913-1914 for McLeary Ranch,
1,200-m elevation (Thornber 1910; Wooten 1916); values since 1922 are the average of four rain
gauges, Box, Eriopoda, Road, and Rodent between 1,100- and 1,200-m elevation (McClaran and
others 2002). Summer months are June through September. Standardized difference is the yearly
value minus the long-term average, which is divided by the standard deviation. Mean and standard
deviation for McCleary Ranch were calculated separately from other rain gauges.
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Table 1—Common and scientific names for common shrubs and trees,
cacti and succulents, and grass species on the Santa Rita
Experimental Range.

Common name

Scientific name

Shrubs and trees
Blue palo verde
Burroweed
Catclaw acacia
Creosote bush
Desert hackberry
Velvet mesquite

Cacti and succulents
Cane cholla
Chainfruit cholla
Fishhook barrel

Prickly pear
Saguaro

Soaptree yucca

Grasses

Black grama

Bush muhly
Cottontop

Curly mesquite
Fluff grass

Hairy grama
Lehmann lovegrass
Needle grama
Pappus grass
Rothrock grama
Santa Rita threeawn
Sideoats grama

Six weeks grama
Slender grama
Spidergrass
Sprucetop grama
Tall threeawn
Tanglehead

Cercidium floridum Benth.

Isocoma tenuisecta Greene

Acacia greggii Gray

Larrea tridentata (Sesse & Moc.) Cov.
Celtis pallida Torr.

Prosopis velutina (Woot.)

Opuntia spinisior (Engelm.) Toumey

Opuntia fulgida Engelm.

Ferocactus wislizenii (Engelm.) Britt. &
Rose

Opuntia engelmanni Salm-Dyck

Carnegiea gigantea (Engelm.) Britt. &
Rose

Yucca elata Engelm.

Bouteloua eriopoda (Torr.) Torr.
Muhlenbergia porteri Scribn.

Digitaria californica (Benth.) Henrard
Hilaria belangeri (Steud.) Nash
Erioneuron pulchellum (Kunth) Tateoka
Bouteloua hirsuta Lag.

Eragrostis lehmanniana (Nees)
Bouteloua barbata Lag.

Pappophorum macronulatum Nes
Bouteloua rothrockii (Vasey)

Aristida glabrata (Vasey) Hitchc.
Bouteloua curtipendula (Michx.) Torr.
Bouteloua aristidoides (Kunth) Griseb.
Bouteloua filiformis (E. Fourn.) Griffiths
Aristida ternipes Cav.

Bouteloua chrondrosoides (Kunth) Benth.
Aristida hamulosa Henr.

Heteropogon contortus (L.) P. Beauv.

descriptions were largely based on qualitative observations,
some important systematic and quantitative measures were
developed and repeatedly applied on the Santa Rita begin-
ning in 1902.

The qualitative descriptions of the Santa Rita and nearby
areas by Griffiths (1904, 1910), Thornber (1910), and Wooten
(1916) are among the first systematic, professional accounts
of vegetation composition and conditions in the North Ameri-
can arid Southwest. They provide the baseline from which to
judge all subsequent vegetation changes. For example, based
on Griffiths’ initial descriptions (1904), Wooten (1916) was
able to make the first estimates of rates of recovery for arid
grasslands following exclusion of livestock grazing.

Between 1903 and 1908, Griffiths (1904, 1910) performed
the first systematic and repeated measures of herbaceous
biomass production in arid grasslands by clipping, drying
and weighing plants in twenty-eight 0.9 by 2.1 m (3 by 7 ft)
plots in the same locations. Wooten (1916) repeated those
measurements between 1912 and 1914.

USDA Forest Service Proceedings RMRS-P-30. 2003
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Griffiths’'s (1904, 1910) photographs in 1902 and 1903
provided the basis for the first use of repeat photography to
documentvegetation change inarid grasslands when Wooten
(1916) used repeat photography to assess changes in
burroweed abundance between 1903 and 1913. These efforts
fostered the continuation of repeat photography on the
Santa Rita that includes the first use to document changes
inmesquite abundance (Parker and Martin 1952) and growth
rates of chainfruit cholla (Tschirley and Wagley 1964). The
repeat photography collection (McClaran and others 2002)
is one of the largest and most accessible in the world.

Systematic and repeated mapping of individual grass
plant basal area was performed on hundreds of permanent
1-m? guadrats on the Santa Rita from the late 1910s into the
1930s (Canfield 1957; Hill 1920). Although scientists at the
Santa Ritadeveloped modifications to improve the efficiency
and accuracy of mapping (for example, the pantograph [Hill
1920] and the densimeter [Culley 1938]), the method was
abandoned because it was too time consuming, and it did not
measure the trees, shrubs, and cacti. The measurement of
those nongrass species gained urgency when their abun-
dance began to increase in the 1930s.

The line intercept transect method used to measure plant
cover was developed by Canfield (1942) while working on the
Santa Rita. It replaced the quadrat mapping method be-
cause it was more efficient and measured both grass and
nongrass plant cover. This continues to be one of the most
widely used methods of estimating plant cover in the world.
Martin and Cable (1974) and Cable and Martin (1975)
measured cover from 1957 to 1966 on about 200 permanent
transects. By adding a width dimension to the line transect,
Martin and Severson (1988) combined the measures of plant
cover and density at 150 permanent located transects every
3 years from 1972 to 1984. My colleagues and | have com-
pleted the remeasurement of about 130 of those transects
every 3 years between 1991 and 2003 (McClaran and others
2002). About half of those transects have a measurement
history that started in 1957. This 46-year record of repeated
measurement provides a unique opportunity to document
long-term changes of individual species and vegetation.

Double-sampling methods of estimating herbaceous pro-
duction were conducted adjacent to the permanent line
intercept transects beginning in the 1950s (Cable and Mar-
tin 1975; Martin and Cable 1974). Unfortunately, the com-
prehensive measurement of herbaceous production was last
performed on the Santa Rita in 1984 (Martin and Severson
1988).

Changes in Mesquite
Abundance

Mesquite is a long-lived (greater than 200 years), legumi-
nous tree that can grow greater than 5 m tall. The roots are
both shallow and deep (0.25 to greater than 3.0 m), and some
shallow roots may extend far (15 m) from the trunk (Cable
1977). Growth begins in April after a winter deciduous period
(Cable 1977). Seeds can remain viable for 20 years in the soil
(Martin1970), and plants as small as 1-cm basal diameter will
generally resprout from basal meristems after aboveground
mass is removed (Glendening and Paulsen 1955).
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Pattern

Based on observations and photographs between 1902
and 1915, mesquite trees and other woody plants such as
catclaw acacia, blue palo verde, and creosote bush were most
common below 1,000 m and confined to the larger washes
and arroyos above that elevation (figs. 3 and 4; Griffiths
1904, 1910; Thornber 1910; Wooten 1916). However, as

1905
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earlyas 1902, small mesquite plants (less than 1 m tall) were
scattered in the grassland areas between the washes above
1,000 m, and their increase by 1915 was noted by these
observers.

Since 1930, the increase of mesquite density and cover was
greatest between 1,000 and 1,150 m, the same elevations
where the incipient trees mentioned earlier had been noted.
Between 1934 and 1954, there was a 33-percent increase in

1941

1990

Figure 3—Repeat photography (1905 to 2003) looking east from Photo Station 231, on deep, sandy loam
soil, at 1,080-m elevation (McClaran and others 2002). April 1905 shows Santa Rita boundary and
ungrazed condition of vegetation, and the dark patches are probably poppy flowers in bloom. From
September 1941 to June 1948 and March 1962 shows duration of cholla eruption, and seasonal variation
in grass biomass. March 1990 to March 2003 shows increased size of blue palo verde, mesquite, and

prickly pear cactus. The nonnative Lehmann lovegrass is not present.
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Figure 4—Repeat photography (1902 to 2003) looking east from Photo Station 222 into Box Canyon arroyo,
at 1,150-m elevation (McClaran and others 2002). In 1902 mesquite are abundant in the arroyo, and a few
trees are scattered on the flat grasslands above the drainage. Since 1902, there are slightly more trees in
the arroyo but many new trees in the grasslands, and they appear as a dark, horizontal line above drainage.

the areal extent of the Santa Rita where mesquite density
exceeded 198 plants per ha, and the occurrence of those
densities spread from lower elevations to above 1,050 m
(Humphrey and Mehrhoff 1958; Mehrhoff 1955). Since 1972,
this density class has become the norm. Between 1972 and
1984, the average density remained about 300 plants per ha
at 900 to 1,350 m elevations (Martin and Severson 1988).
Over a longer time period (1972 to 2000) and slightly lower

elevation (900 to 1,250 m), density fluctuated between 200
and 450 trees per ha (fig. 5).

Mesquite canopy cover also increased after 1930, but it
has not reached the maximum of 30 percent that Glendening
(1952) predicted from stand-level expansion rates between
1932 and 1949. In the early 1940s, Canfield (1948) roughly
estimated mesquite cover to be 4 to 8 percent throughout the
Santa Rita using simple visual observations. At elevations

Mesquite
2 20+ —=—density <
[5) =
S —o— cover T
g 15 + - >
o 10 T %}
O 57
0 —+—+—+—+—+++—+++++++++++++ ————t—t———+—++—+++++++ 0
1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

Figure 5—Change in mesquite cover and density on 74 permanent
transects between 950- and 1,250-m elevation (McClaran and
others 2002). No mesquite or burroweed removal treatments were
applied to these transects. Dashed lines indicate periods of greater

than 5 years between remeasurements.
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between 900 and 1,250 m, mesquite cover has increased
according to systematic remeasurements of permanent line
intercept transects: from 1957 to 1966, Martin and Cable
(1974) estimated cover at 9.5 percent, and from 1960 to 2000,
cover increased from 7 percent to a peak of 20 percent in
1991, but declined to 15 percent by 2000 (fig. 5).

Repeat photography illustrates this increase of mesquite
in the grasslands (figs. 3 and 6), where increases in density
have generally slowed since the 1970s, but tree cover has
generally increased with the growth of individual trees. The
exceptions are the washes and arroyos (for example, fig. 4)
where trees were already abundant in 1902, and in areas
with rocky, clay-rich soils where mesquite remains largely
absent (fig. 7).

Interpretations

Numerous scientists performed experiments and controlled
observations to interpret how livestock grazing, rodents, fire, and
perennial grasses may have influenced mesquite dynamics.

From the early 1930s to late 1940s, the exclusion of
rodents and/or cattle did not stop the increase of mesquite at
elevations between 1,050 and 1,100 m. Mesquite increased
from about 140 to 380 plants per ha between 1932 and 1949
(Glendening 1952) and from about 280 to 380 plants per ha
(Brown 1950) across all exclusion treatments. A similar
pattern emerged when yearlong and seasonally grazed pas-
tures were compared from 1972 to 1984: the average 300
plants per ha did not differ between treatments (Martin and
Severson 1988).

The likely role of cattle and rodents in dispersing mesquite
seed, and the optimum burial depth by rodents for germina-
tion were revealed in the mid-1950s. Some seeds remain
viable after cattle digestion, but estimates of viability vary
from 58 to 73 percent (Glendening and Paulsen 1955) to only
3 percent (Cox and others 1993). Reynolds (1954) reported
that kangaroo rats buried mesquite seed 1 to 3 cm, a depth
optimal for germination, but they later consumed 98 percent
of these seeds. He also estimated that they dispersed seeds
a maximum of 32 m. Based on this, he suggested that if
kangaroo rats were the sole vector of dispersal, mesquite
would spread 1.6 km in 500 years, assuming a 20-year period
before the newly established mesquite would produce seed.

By 1950, it was apparent that even small (1-cm basal
diameter) mesquite were able to sprout from basal mer-
istems after the aboveground portions of the plant were
killed by a fire. Glendening and Paulsen (1955) and Cable
(1965) reported only 11 to 60 percent mortality for 1 cm basal
diameter plants, and that rate decreased to about 5 percent
for plants greater than 15 cm diameter. Survival was much
less likely for younger and smaller (less than 1 cm basal
diameter): only one-third of 1-year mesquite survived to
resprout after a fire (Cable 1961). Womack (2000) confirmed
results that plants greater than 15 cm basal diameter have
less than 5-percent mortality, and he noted that mortality
declined as size and number of basal stems (trunks) in-
creased. Not surprisingly, by 1965 there were no differences
in the density of mesquite on unburned areas, areas burned
once (1952), and areas burned twice (1952 and 1955) (Cable
1967). Similarly, 3years aftera1975 fire, mesquite cover did
not differ between burned and unburned areas (Martin
1983).
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Glendening and Paulsen (1955) reported that mesquite
seed germination and establishment were 16 times greater
in the absence of grass than when seeds were sown within
dense stands of cottontop, black grama, and bush muhly.
However, they acknowledged that while grass may interfere
with mesquite establishment, bare patches between grass
plants were ubiquitous even in areas ungrazed by cattle.

Focusing on the seed and seedling stages of mesquite life
history is helpful in understanding how the increase of
mesquite has not been influenced by the manipulations of
livestock, rodents, and fire. The establishment of mesquite
plants in the grasslands started with the livestock dispers-
ing undigested seeds that were produced by plants growing
in the arroyos. Some of the seed in the cattle dung may have
germinated and established. Kangaroo rats may have col-
lected other seeds from the dung and buried them at opti-
mum depths for germination. This series of events would
accountfor the abundance of scattered small mesquite in the
grasslands by 1902. The cattle vector provided the long
distance dispersal that was not possible by kangaroo rats
alone. By 1930, when small mesquite and caches of mesquite
seed were present, the removal of rodents and/or livestock
did not limit their continued recruitment or growth.

The general absence of fires between the 1880s and 1903
followed after heavy livestock grazing had reduced the mass
and continuity of the grass fuel source. Consequently, the
scattered, recently established seedlings in the open grass-
lands did not experience fires when they were most suscep-
tible to damage (less than 5 years and less than 1 cm
diameter). Griffiths (1910) and Wooten (1916) applied this
scenario to interpret the increase of small mesquites in the
grassy plains of the Santa Rita observed between 1903 and
1915. Although they were unfamiliar with the details of seed
germination and dispersal, and seedling response to fire,
they recognized that these early life history stages were key
to the understanding the incipient transformation of tree-
less grasslands into mesquite savannas.

Changes in Burroweed
Abundance

Burroweed is a short-lived (less than 40 years) shrub that
can grow up to 1.3 m tall (Humphrey 1937). Roots are
common at depths greater than 1 m deep but are relatively
scarce at shallower (5- to 30-cm) depths (Cable 1969). The
greatest period of growth occurs in spring, but some expan-
sion of the canopy occurs in summer (Cable 1969). Seeds
germinate in winter and spring (Humphrey 1937). They are
toxic and not commonly eaten by livestock (Tschirley and
Martin 1961).

Pattern

Four cycles of burroweed increase and decline have been
reported since 1903. Their durationwas about 15to 20 years,
but they have not been perfectly synchronous across the
SantaRita. Changesinabundance were afunction of changes
in both density (recruitment and death of plants) and cover
(growth and shrinkage of plants).

Thefirst reported cycle ended in 1914 (Wooten 1916). The
beginning is harder to determine, but Griffiths (1904, 1910)
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Figure 6—Repeat photography (1922 to 2003) looking west from Photo Station 111 at 1,100-m elevation
(McClaran and others 2002). Area beyond fence has been excluded from livestock since 1916. December
1922 shows sparse tree presence and no shrubs in foreground. From September 1935 to October 1947 and
August 1958 shows eruptions of burroweed and cholla, a general decline of grass, and establishment of new
mesquite on both sides of the exclosure fence. From March 1969 to July 1970 shows rapid death of
burroweed. March 1990 to April 2003 shows dominance of nonnative Lehmann lovegrass, and decline of
burroweed.
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Figure 7—Repeat photography (1936 to 2003) looking east from Photo Station 45 across Madera Canyon
alluvial fan at 1,100-m elevation (McClaran and others 2002). In June 1936, there is very sparse grass cover,
scattered ocotillo, and three mesquite trees. From 1936 to October 1984, nonnative Lehmann lovegrass arrives
and abundance reflects the wet summer in 1984. From 1984 to April 2003 there is a reduction of lovegrass, a
continued ocotillo presence, a new catclaw acacia (bottom left), and the persistence of the three mesquite that
were present in 1936.

first noted increases at low elevations in the northwestern
portion of the Santa Rita that spread upslope to 1,100-m
elevation by 1910.

The secondcycle occurredinthe 1930s. In 1935, Humphrey
(1937) observed that large plants were conspicuous every-
where below 1,350-m elevation, and in the early 1940s,
Canfield (1948) estimated cover between 4 and 9 percent
below 1,250 m. The timing and extent of the subsequent
decline is not clear. The extent of the highest density class
(greater than 36 plants per m2) increased only slightly from
about 50 to 55 percent of the Santa Rita between 1934 and
1954 (Humphrey and Mehrhoff 1958; Mehrhoff 1955), but
significant declines in burroweed by the 1950s are docu-
mented in several repeat photography comparisons (for
example, fig. 6).

Athird cycle peakedin the late 1960s, followed by adecline
beginning in 1970 (figs. 6 and 8) over large areas of the Santa
Rita. Cover on 120 permanent line intercept transects in-
creased from 2.4 percent in 1957 to 13.5 percent in 1966,
then declined to 2.5 percent in 1970 (Martin and Cable
1974). The magnitude of the increase was less on a subset of
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these transects without mesquite control, but the timing
was identical (fig. 8).

The most recent cycle occurred between the late 1970s and
1990s on large areas of the Santa Rita (figs. 6 and 8). Density
increased from 0.6 plants per m? in 1972 to 2.7 plants per m?
in 1975, then declined to 1.1 plants per m?in 1984 (Martin
and Severson 1988). In general, the density above 1,000-m
elevation was about double that below, but the timing of the
cycle was synchronous. Comparing density and cover values
from 1972 to 2000 (fig. 8) reveals the character of these
cycles. Increases in density precedes increases in cover by
about8to 10years. Maximum cover mostly occurs when self-
thinning reduces density and surviving plants grow larger.
Near the end of the cycle, there are declines in both density
and cover.

There are some locations where these cycles never mate-
rialized, and other locations where some cycles were not
expressed. The cycles have not occurred in areas with rocky,
clay-rich soils (fig. 7), and there is no evidence that the latest
cycle occurred on deep, sandy soils (fig. 3).
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Figure 8—Change in burroweed cover and density on 74 permanent
transects between 950- and 1,250-m elevation (McClaran and others
2002). No mesquite or burroweed removal treatments were applied to
these transects. Dashed lines indicate periods of greater than 5 years

between remeasurements.

Interpretations

The timing of the burroweed cycles appears to be indepen-
dent of manipulations to livestock grazing, fire, and grass
neighbors. If burroweed responded to a manipulation, it was
expressed as a short-lived change in abundance that lasted
only until the current cycle ended or the next cycle began. An
anecdotal consensus has emerged that variation in winter
precipitation is driving these cycles because of this relative
indifference to livestock grazing, rodents, and fire treat-
ments. This relationship remains anecdotal because the
mechanisms have not been documented, and only one corre-
lation analysis has been performed. Similar to mesquite,
frequent fires may have limited the distribution of burroweed
to lower elevations where fuels did not accumulate.

burroweed during the time of its greatest growth. By con-
trast, the slight depression in burroweed growth was a
function of competition for soil moisture in the summer,
when cottontop is most actively growing.

There are some additional compelling coincidences of wet
winters (fig. 2) and the timing of burroweed cycles. Three
consecutive wet winters from 1929-1930 to 1931-1932 coin-
cide with the beginning of the 1930s cycle. The wet winter of
1957-1958 may have initiated seedling establishment for
the third cycle, and the very wet 1965-1966 and 1967—1968
winters may have contributed to an increase in plant size.

Cable (1967) placed the emphasis on winter precipitation 2 2.0 1 Perennial Grass = No Burn
when the immediate reduction of burroweed density follow- g 15 OBurn 1952
ing fires in 1952 and 1955 was undetectable 10 and 13 years Q- O Burm 1952 & 1955
later (fig. 9). He found a strong correlation (r2 = 0.91) bt
between burroweed density and winter precipitation be- ¢ 104
tween 1952 and 1958 to support his interpretation. Later, S
Martin (1983) applied this same interpretation (consecutive § 0.5 1
wetwinters in 1977-1978 and 1978-1979) to the short-lived 3
decline of burroweed following a fire in 1975. 0.0
The earliest assessments of livestock grazing effects on 1952 1953 1954 1955 1956 1957 1958 1965
burroweed occurred near the start of the 1930s cycle. With-
out the benefit of replications in his study from 1931 to 1948,
Brown (1950) concluded that exclusion of livestock may slow 2.0
a burroweed increase, but it would not prevent one. By the & Burroweed M No Burn
time of the fourth cycle, the winter precipitation explanation ﬁE 151 S Burn 1952
was used to account for the indifference to yearlong and > 10 Burn 1952 & 1955
rotation of summer grazing from 1972 to 1984 (Martin and D
Severson 1988). S 05-
Between 1961 and 1964, as the third burroweed cycle o I I I_L
began, Cable (1969) found that burroweed cover increased 0.0 + T T T T T T T
slightly less when growing with cottontop grass neighbors 1952 1953 1954 1955 1956 1957 1958 1965
(8- to 20-percent increase) than without cottontop neighbors Year
(8- to 27-percent increase). He applied the winter precipita- ) ) )
tion explanation to this pattern, specifically its relative Figure 9—Changes in perennial grass cover and
importance to the two species. Cottontop was largely unre- burrovyeed c_iensuty in relation to two, one, and no
sponsive towinter precipitation and, therefore, did not affect prescribed fires (data from Cable 1967).
USDA Forest Service Proceedings RMRS-P-30. 2003 25
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Finally, a similar lag between seedling establishment and
increases in plant size may have contributed to the most
recent cycle following consecutive wet winters in 1977-1978
and 1978-1979. The growth of plants established during
this time would likely have been fostered by the extraordi-
nary string of 13 consecutive wet winters from 1982—-1983 to
1994-1995.

Changes in Cactus Abundance

The primary cacti are prickly pear, chainfruit cholla, and
cane cholla, which are relatively short lived (less than 50
years). The chollas have cylindrical sections, and a growth
form thatis taller (less than or equal to 2 m) than broad (less
than or equal to 1 m); whereas the prickly pear has flat,
circular sections with a growth form that is broader (less
than or equal to 2 m) than tall (less than or equal to 1 m).
Both can establish new plants from seed and from fallen
sections that can develop a root system when the aereoles
are in contact with the soil. However, vegetative reproduc-
tion is more common in the chollas than prickly pear.

Pattern

In 1903, cacti were most common below 1,000-m elevation
(Griffiths 1904). An eruption of cholla at higher elevations
occurred by the mid-1930s and lasted into the 1970s. Prickly
pear has been the dominant cactus since 1970.

Many repeat photography series record an eruption of
cholla by 1935 (for example, figs. 3and 6). Between 1934 and
1954, the proportion of the Santa Rita supporting greater
than 840 plants per ha doubled from 19 to 38 percent
(Humphrey and Mehrhoff 1958; Mehrhoff 1955). The great-
estincrease occurred between 1,000- and 1,200-m elevation.
The eruption faded by 1960, when both cholla cover and
density declined (figs. 3, 6, and 10). A similar trend was
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Figure 10—Cover and density changes for cholla
and prickly pear cactus on 74 permanent
transects between 950- and 1,250-m elevation
(McClaran and others 2002). No mesquite or
burroweed removal treatments were applied to
these transects. Dashed lines indicate periods of
greater than 5 years between remeasurements.
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recorded between 1972 and 1984 at slightly higher eleva-
tions (Martin and Severson 1988). In contrast, prickly pear
cover and density have increased since 1970 (figs. 3 and 10),
and density of 800 plants per ha at elevations below 1,200 m
was greater than the 200 to 400 plants per ha at higher
elevations (Martin and Severson 1988).

These patterns have not materialized in all locations.
Neither cholla nor prickly pear abundance changed markedly
on rocky, clay-rich soils (fig. 7), nor did the prickly pear
increase materialize everywhere (for example, fig. 6).

Interpretations

Similar to burroweed, the eruption of cholla and recent
increases of prickly pear appear to be largely independent of
livestock grazing and fire manipulations. The stimuli for the
increases are not clear, but the rate and duration of the
increases may be a function of plant growth rate, longevity,
and the occurrence of a bacterium.

Combinations of cattle and rodent exclusions established
as the cholla eruption commenced failed to produce any
differences in cacti densities (Brown 1950; Glendening 1952).
Under all treatments, densities increased from tens to hun-
dreds of plants per ha. Similarly, the subsequent decline of
cholla and increase of prickly pear between 1972 and 1984
were no different in areas with yearlong versus seasonal
rotation of grazing (Martin and Severson 1988). Fire pro-
duced only a short-lived decline of cactus density, but within
10 to 13 years after fire, the cactus density exceeded that
which existed prior to the fires (Cable 1965).

Tschirley and Wagle (1964) suggested that eruptions are
afunction of rapid growth by young plants, and that declines
resultfrom acombination of plants reaching their maximum
age and the increase of bacterial infection that prevents
fallen sections from establishing roots. They used repeat
photography to estimate the curvilinear vertical growth rate
of cholla: the rate is fastest in young plants, then slows
considerably at about 15 years, and then becomes negative
at about 45 years as plants disarticulate (for example, figs.
3 and 6). They suggested that recruitment of new plants
from fallen sections is limited when they are infected by
increasing levels of the bacteria Erwinea carnegiea that
cause the sections to desiccate before roots can be produced.

Changes in Perennial Grass
Abundance

The common perennial grass species use the C, photosyn-
thetic pathway. Their seed germinates, and plants grow
most vigorously in July and August after the summer rains
commence. Absolute productivity is a function of both cur-
rent and previous summer precipitation (Cable 1975), and
there is considerable interannual and spatial variation in
productivity because rainfall amounts differ greatly between
years and with elevation (figs. 1, 2, 11, and 12). Productivity
is about 1.6 times greater on clay-rich versus loamy soils
(Subirge 1983). Plants are relatively short lived, with aver-
ages around 5 to 10 years (Cable 1979; Canfield 1957). Roots
are most dense in the upper 15 cm of the soil, but some extend
greater than 60 cm deep (Blydenstein 1966; Cable 1969).
Several species, including cottontop and bush muhly, are
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more common under mesquite trees, but others, including
threeawns and Rothrock grama, are more common in open
areas (Livingston and others 1997; Van Deren 1993; Yavitt
and Smith 1983).

Pattern

In 1903, perennial grasses were largely absent below
1,350-m elevation except along arroyos where tanglehead,
sideoats grama, and hairy grama were found (Griffiths
1904). The annual grass, six weeks grama, was dominant at
lower elevations. Above 1,100 m, Rothrock grama, black
grama, and bush muhly were only occasionally present, the
latter primarily under shrubs. By 1909, perennial grass
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Figure 11—Interannual changesin grass pro-
duction between 900- and 1,000-m elevation
(data from Martin 1966).
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Figure 12—Interannual changes in grass pro-
duction and density of nonnative Lehmann
lovegrass at 1,100-m elevation (data from Cable
and Martin 1975, and Martin and Severson 1988).
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abundance had increased above 1,075 m: Rothrock, black,
and slender gramas between 1,075 and 1,250 m, and
threeawns, sprucetop, black, and sideoats gramas above
1,250 m (Griffiths 1910; Thornber 1910).

Six years later, in 1915, perennial grasses were more
common between 1,000 and 1,250 m, and under shrubs at
the lower elevations when Wooten (1916) estimated the
extent of different types of grass species. The annual, six
weeks grama, continued as the most common grass on about
12 percent of the Santa Rita, all below 1,000 m. Bush muhly
was most common on an equivalent area at those low
elevations, butwas largely confined beneath shrubs. Rothrock
grama was the dominant grass on about 50 percent of the
area, mainly between 1,000 and 1,250 m, and the common
associates were threeawns, tanglehead, and slender grama.
Threeawns were the dominants above 1,250-m elevation,
which accounted for 17 percent of the Santa Rita.

Griffiths, and later Wooten, estimated productivity by
clipping twenty-eight 0.9- by 2.1-m (3- by 7-ft) plots in the
same general locations throughout the Santa Rita between
1903 and 1908, and 1912 and 1914. The average for all
elevations was 845 kg per ha from 1903 to 1908 (Griffiths
1910). Wooten (1916) reported productivity by elevation
between 1912 and 1914: 775 kg per ha below 1,000 m, 830 kg
per ha between 1,000 and 1,250 m, and 965 kg per ha above
1,250 m.

Between 1915 and the early 1980s, similar patterns of
perennial species abundance were reported in relation to
elevation, and more systematic measures of plant cover,
density, and productivity provided greater insights to
interannual dynamics. From the 1960s to early 1980s, domi-
nant species by elevation were similar to those reported in
earlier accounts, but cottontop was more common at all
elevations (Cable 1979; Martin 1966; Martin and Severson
1988). The ephemeral nature and slight stature of Rothrock
grama is illustrated by its inconsistent membership in the
top 5 ranking for density and consistently low ranking for
cover (tables 2 and 3). Interannual variability of productiv-
ity was greater at lower elevations between 1954 and 1964
(compare figs. 11 and 12; Martin 1966). Interestingly, these
estimates are about one-third to one-half the amounts re-
ported by Griffiths (1910) and Wooten (1916). Their objective
of estimating the potential productivity may have biased the
location of sample areas toward the more productive sites. A
decrease in grass production by 1950 is apparent at some
repeat photography locations (fig. 4), but not at others (fig. 3).

The nonnative Lehmann lovegrass became the most abun-
dant perennial grass by 1981 and 1984, based on density and
basal cover, respectively (tables 2 and 3). By 1991, it was
more common than all native grasses combined for both
measures of abundance (fig. 13). Above about 1,100-m eleva-
tion, perennial grass productivity has more than doubled
since the lovegrass gained dominance (fig. 13; Anable and
others 1992; Cox and others 1990), and exceeded estimates
made between 1903 and 1914 (Griffiths 1910; Wooten 1916).
This was a very rapid ascent to dominance from a relatively
limited area of introduction. Between about 1945 and 1975,
seed was sown on about 50 areas, totaling 200 ha (less than
1 percent of the Santa Rita), but the areas were widely
dispersed making the maximum distance between them less
than or equal to 7 km (Anable and others 1992). This
lovegrass invasion is obvious at most repeat photography

27



McClaran

A Century of Vegetation Change on the Santa Rita Experimental Range

Table 2—Changes in the five most common perennial grass species based on density on the Santa Rita Experimental Range, 1934 to 2000. Source
for 1934 and 1954 is Mehrhoff (1955). Source for other dates is from 74 permanent transects, between 950- and 1,250-m elevation, where

no mesquite or burroweed removal treatments were applied (McClaran and others 2002).

Year
Species rank 1934 1954 1972 1981 1991 2000
1 Rothrock grama Fluff grass Threeawns Lehmann Lehmann Lehmann
lovegrass lovegrass lovegrass

2 Threeawns Black grama Rothrock grama Threeawns Rothrock grama Rothrock grama
3 Fluff grass Threeawns Cottontop Rothrock grama  Cottontop Threeawns

4 Slender grama Slender grama Black grama Cottontop Fluff grass Bush muhly

5 Black grama Cottontop Sprucetop grama Bush muhly Threeawns Cottontop
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Table 3—Changes in the five most common perennial grass species based on basal cover on the Santa Rita Experimental

Range, 1960 to 2000. Source is from 74 permanent transects, between 950- and 1,250-m elevation, where no
mesquite or burroweed removal treatments were applied (McClaran and others 2002).

Year
Species rank 1960 1970 1984 1991 2000
1 Threeawns Threeawns Lehmann Lehmann Lehmann
lovegrass lovegrass lovegrass
2 Cottontop Sprucetop grama Threeawns Cottontop Bush muhly
3 Black grama Cottontop Cottontop Bush muhly Threeawns
4 Bush muhly Rothrock grama Rothrock grama Threeawns Rothrock grama
5 Sideoats grama Sideoats grama Black grama Rothrock grama  Cottontop
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Figure 13—Cover and density changes for nonnative Lehmann lovegrass and native
perennial grasses on 74 permanent transects between 950- and 1,250-m elevation
(McClaran and others 2002). No mesquite or burroweed removal treatments were applied
to these transects. Dashed lines indicate periods of greater than 5 years between
remeasurements.
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locations (for example, figs. 6 and 7), except at the lowest
elevations and on deep, sandy soils (fig. 3).

Between 1984 and 1991, cover increased for both the
lovegrass and native grasses, but both have declined from
that maximum. In contrast, native grass density declined
since 1972, whereas lovegrass density steadily increased
until 1991 and then began to decline (fig. 13). These patterns
suggest that the recruitment of native grasses has declined
and the size of surviving plants has increased since the
lovegrass gained dominance.

Interpretations

Livestock grazing, fire, neighboring mesquite and burro-
weed plants, and the increase of the nonnative Lehmann
lovegrass have been the focus of efforts to interpret peren-
nial grass dynamics. The results from a number of studies
illustrate the important and often overriding influence of
precipitation on these patterns. However, grass dynamics
appear to be more sensitive to varying intensities of live-
stock grazing and neighboring plants than the dynamics
expressed by mesquite, burroweed, and cactus.

Attention to livestock grazing has a longer and more
detailed history than any other influence. It grew directly
from the objectives of establishing the Santa Rita, which
were to determine the potential of forage production for
livestock and to develop a sustainable approach to live-
stock grazing. Initial efforts focused on rates of grass
recovery following grazing removal, while subsequent studies
addressed responses to different grazing intensities and the
seasonal rotation of pastures to prevent grazing in two of
three summer growing seasons.

Livestock Exclusion—The exclusion of livestock from
1903 to 1915 on all areas below 1,250-m elevation allowed
Wooten (1916) to speculate on the rate of recovery to full
productive potential from the degraded conditions caused by
nearly two decades of overgrazing. He estimated a 3-year
recovery rate for areas dominated by Rothrock grama be-
tween 1,000 to 1,250 m, and a 7- to 8-year recovery for bush
muhly in areas below 1,000 m. However, subsequent com-
parisons with livestock exclusion are more equivocal. Total
grass cover declined from about 2.0 to 0.1 percent on grazed
areas as well as all combinations of rodent and/or cattle
exclusion from 1932 to 1949 (Glendening 1952). Compared
to adjacent grazed areas, native grass density was less and
nonnative lovegrass was no different in areas that were
ungrazed from 1918 to 1990 (McClaran and Anable 1992).

These contrasting results suggest that the perennial grass
response to the exclusion of livestock is contingent on the
condition of grass at the time of exclusion, precipitation
patterns before the comparisons, and the grazing intensity
outside the exclosure. Wooten may have proposed very
optimistic recovery rates because the general absence of
perennials in 1903 provided a degraded baseline, and the
relatively verdant conditions during his observations in 1915
following six consecutive summers with above average pre-
cipitation (fig. 2). In contrast, the decline of grass cover
between 1932 and 1949, which was independent of livestock
exclusion, began with relatively large cover values that
followed the wet summer in 1931 and declined during the
subsequent, prolonged dry period (figs. 2 and 6). Finally,
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grazing intensity outside exclosures is not uniform across the
Santa Rita, and has changed over time since grazing was re-
establishedin 1915. Therefore, unequivocal conclusions about
grass response to livestock exclusion are not possible unless
the grazing intensity outside the exclosure is documented.

Livestock Grazing Intensity—In general, grazing in-
tensity on the Santa Rita has declined since 1915. Until
1941, the stocking rate was about 0.13 animals per ha per
year. Between 1941 and 1956, it was reduced to about 0.06,
which translated to a 47- to 60-percent utilization of grass
production. Since 1957, stocking rates have been reduced to
about 50-percent utilization (Cable and Martin 1975). A
utilization rate of 40 percent was suggested in the early
1940s to prevent damage to individual plants (Parker and
Glendening 1942; Reynolds and Martin 1968). However,
despite repeated attempts to reduce utilization, this goal of
40 percent was never achieved (Cable and Martin 1975;
Martin and Severson 1988). Across the Santa Rita, utiliza-
tion varies inversely with distance from drinking water
sources (Angell and McClaran 2001; Martin and Cable
1974).

Canfield (1948) made the first estimate of grass response
tograzing intensity. He compared the relative cover of grass
species among areas heavily grazed for 20 years, conserva-
tively grazed for 5 years, and ungrazed for 5and 25 years. He
concluded that conservative grazing for 5 years would facili-
tate recovery fromovergrazing to the same degree asgrazing
exclusion, and that dominance by cottontop indicated proper
grazing intensity. Unfortunately, he provided neither de-
scriptions of stocking rates in overgrazed and conservatively
grazed areas nor estimates of absolute cover of grasses.
However, his list of dominant grass species in these settings
is historically significant because it provided the first quan-
titative approach using relative cover to identify species that
indicated proper grazing and overgrazing. His work preceded
by 1 year, Dyksterhuis’ (1949) more widely used proposal for
this approach.

Martinand Cable (1974) clearly documented the influence
of grazing intensity on grass production by comparing sites
where utilization decreased with increasing distance from
drinking water sources. From 1954 to 1966, and between
900- and 1,250-m elevation, production of cottontop, black
grama, and threeawns at 0.4 to 1 km from water was 50
percent less than at 1.6 km from water sources. Utilization
decreased from around 48 to 43 percent at these increasing
distances from water.

Between 1,200 and 1,300 m, Cable and Martin (1975)
suggested that the recovery of grass production from drought
stress would be delayed when utilization levels exceeded 50
percent. Based on responses during dry conditions (1957,
1960, and 1962) and wetter conditions (1958, 1959, and
1961), plant recovery was delayed from 1 to 2 years if
utilization exceeded 50 percent.

However, differences in the response of native grass and
nonnative Lehmann lovegrass density to increasing grazing
intensity are less clear. Using a similar approach of increas-
ing distance from water, McClaran and Anable (1992) re-
ported a greater decline of native grass density from 1972 to
1990 with increasing grazing intensity, but Angell and
McClaran (2001) reported no relationship with intensity
from 1972 to 2000. In both studies, increased density of the
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nonnative Lehmann lovegrass was unrelated to grazing
intensity. These results for grazing impacts may differ
because the two measures of response (biomass and density)
may differ in their sensitivity to grazing. Density represents
the number of plants, whereas biomass reflects their total
weight. The earliest studies (Cable and Martin 1975; Martin
and Cable 1974) measured biomass, while the more recent
studies (Angell and McClaran 2001; McClaran and Anable
1992) measured density. In addition, McClaran and Anable
(1992) relied on only a single water source.

More importantly, the intensity levels for the later studies
were greater (60 percentat 0.1 km and 48 percent at 0.5 km)
than the earlier studies (48 percent at 0.4 km and 43 percent
at 1.6 km). There may be little difference in grass response
between 50- and 60-percent utilization, but those responses
will be more severe than where utilization is less than 45
percent. This observation is supported by suggestions that a
40-percent utilization rate will not damage these grasses
(Parker and Glendening 1942; Reynolds and Martin 1968).

Seasonal Rotation of Grazing—Between 1972 and
1984, neither grass density nor production differed between
areas experiencing yearround grazing and those where the
rotation of livestock excluded summer grazing in 2 of 3 years
(Martin and Severson 1988). Three pastures were used to
achieve this rotation, and all animals from those pastures
were confined to a single pasture for 4 to 8 consecutive
months, followed by a period of 8 to 12 months of no grazing.
During the study, utilization levels were 47 to 51 percent.
Contrary to expectations, the provision of summer rest did
notimprove grass abundance. The authors suggested that at
the beginning of the study, grass abundance was near
maximum, and therefore was unresponsive to this treat-
ment. Additional considerations must include the increase
of lovegrass through the period, the very wet conditions
through the 1980s (fig. 2), and utilization levels above the
40- to 45-percent threshold.

Effects of Fire—In general, grass abundance decreases
following fire, and the recovery is dependent on subsequent
growing conditions. However, seed germination of the non-
native lovegrass increases after fire.

In 1952, following the first of two prescribed fires, grass
cover declined from 1.7 to 1.1 percent, but cover had already
declined to 0.5 percent on both burned and unburned areas
prior to the second fire in 1955 (Cable 1967). Cover declined
to 0.3 percent on all three treatments in 1957, and the
unburned site reached 0.8 percent cover by 1965 (fig. 9).
These dynamics reflect the overriding influence of dry con-
ditions between 1952 and 1957 (fig. 2). Cable (1965) found
only lovegrass seedlings following a wildfire in June 1963,
and later research revealed that lovegrass seed germination
increases equally after fire and the simple removal of plant
cover (Sumrall and others 1991). In both instances, seed
germination is stimulated by a phytochrome response to
increased red light rather than heat from the fire (Roundy
and others 1992).

Effects of Mesquite—The influence of neighboring mes-
quite trees on perennial grass appears to be contingent on
elevation, amount of mesquite, and the species of grass.
Beginning in the 1940s, observations of coincident declines
in grass and increases in mesquite stimulated several tree-
removal studies. Fortunately, some of them had repeated
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measurements performed over the following 40 years. Based
on these observations, increased grass production following
tree removal is most persistent at higher elevations, and is
related to the tree density before removal. For example, tree
removal in 1945 increased grass production during the first
5 years at all four sites, which ranged from 950- to 1,250-m
elevation, but increases were greatest at 1,250 m and where
initial tree density was greater than 300 plants per ha
(Parker and Martin 1952). After 13 years, native grass
production was greater in mesquite-cleared areas above 950 m
and where initial tree density was greater than 100 plants
per ha (Cable 1971). After 23 years, production was greater
for native grasses only at 1,250 m and where initial tree
density was greater than 300 plants per ha (Cable 1971).
After 29 years, grass production was greater only at 1,250 m,
but the nonnative lovegrass dominated the grass composi-
tion by that time (Williams 1976).

The relatively brief increase of grass production is prob-
ably afunction of both the recruitment of new mesquite trees
and the depletion of soil fertility after their removal. Tree
recruitment prompted Parker and Martin (1952) to suggest
that tree removal would be required every 25 years to
maintain grass production. An island of soil fertility devel-
ops under mesquite. About three times more organic matter
and nitrogen exists in the top 7.5 cm of soil compared to open
grassland, and 13 years after tree removal there is a 30
percentdecline of organic matter and nitrogen (Klemmedson
and Tiedemann 1986; Tiedemann and Klemmedson 1986).

This greater soil fertility under mesquite trees may con-
tribute to the greater likelihood of some grasses to occur
under the trees. Several species, including cottontop and
bush muhly are more common under mesquite than if they
were randomly distributed (Livingston and others 1997
Van Deren 1993; Yavitt and Smith 1983). Tiedemann and
others (1971) suggested that the greater soil fertility under
mesquite might compensate for the lower light intensity for
those species that are shade tolerant.

Itis important to note that increases of native and nonna-
tive lovegrass have occurred without mesquite removal, and
can occur while mesquite is increasing. From 1960 to 1991,
at elevations between 900 and 1,250 m, native and nonna-
tive grass cover more than doubled, while mesquite cover
increased from 7 to 20 percent (figs. 5 and 13).

The rate that Lehmann lovegrass spreads from seeded
areas is not related to the abundance of mesquite. Lovegrass
was seeded on the margins of the areas where mesquite trees
were thinned and removed in 1945 (Parker and Martin
1952). After 13 years, it had spread 75 to 125 m regardless
of mesquite treatment, and its density increased with eleva-
tion (Kincaid and others 1959). After 25 years, lovegrass
productivity did not differ among mesquite treatments, but
itdid increase with elevation (Cable 1971). Thisis consistent
with Van Deren’s (1993) finding that the proportion of
lovegrass plants under mesquite is only slightly less than
would be expected randomly.

Effects of Burroweed—The response of perennial grass
toburroweed neighbors appears to be contingenton amounts
of winter and summer precipitation. In 1961, Cable (1969)
removed some existing burroweed plants to create cottontop
plants without burroweed neighbors. Cottontop production
did not differ between treatments, but cover differed in the
last 2 years of the study. In the very dry summer of 1962,
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cottontop cover was no different between treatments, butin
the following summers that had greater precipitation, cover
was greater for cottontop plants without burroweed. Cable
(1969) demonstrated that basal cover was reduced because
burroweed used soil moisture during the winter when grass
tillers were enlarging, rather than preemptive use of water
by burroweed in the summer. This relationship may explain
why total grass cover did not respond to burroweed removal
at 1,100-m elevation in the generally dry periods between
1940 and 1946 (Parker and Martin 1952).

Native and Nonnative Grass Relationships—The
inverse relationship between the increasing abundance of
the nonnative Lehmann lovegrass and declining native
grasses appears to be more closely related to events during
seedling establishment than to interactions among adult
plants. Initially, the lovegrass invasion appears to occur
between existing native grasses, thus increasing total grass
density and productivity, but eventually native grasses are
replaced (fig. 13; Anable and others 1992; Angell and
McClaran 2001; Kincaid and others 1959). The timing and
magnitude of the native grass decline between 1972 and 2000
did not differ in relation to the length of time that lovegrass
had been present in an area (Angell and McClaran 2001). In
addition, all evidence suggests that the increase of lovegrass
is as indifferent to the abundance of native grasses (Angell
and McClaran 2001; McClaran and Anable 1992) as it is to
the abundance of mesquite (Kincaid and others 1959). The
unique response of lovegrass seed to the first summer rains
may be amore important key to its highly successful recruit-
ment. Abbottand Roundy (2003) reported that native grasses
were more likely to germinate with the first summer rains
than lovegrass, and therefore would suffer from the rapid
soil desiccation that follows these sporadic first rains. In
contrast, lovegrass germination was more likely to be de-
layed and follow the more regularly occurring later rains,
when prolonged soil moisture and survival were more likely.

Opportunities

Continuing the systematic remeasurement and repeat
photography efforts on the Santa Rita presents the greatest
opportunity for improving our understanding of vegetation
change because they will record the pattern and variation of
future changes. The most incontestable conclusion from this
century of vegetation change is that future changes can not
be perceived and understood if there are no records of
previous conditions. An equally important conclusion is that
the response of vegetation to management practices will be
contingent on past and future precipitation patterns, eleva-
tion and soils at the location, and the current mix and vigor
of plant species. For example, when the next burroweed
eruption occurs, we will respond with much less anxiety
than our predecessors had in the 1930s and 1950s because
we understand thatitis likely to be a short-lived rather than
permanent change. We will not expect the eruption to occur
at all locations, nor will the control of that eruption prevent
future eruptions. Given the importance of this observation
legacy, its continuation should be considered both an oppor-
tunity and an obligation.

In addition to continuing the ongoing remeasurements,
there are several opportunities to further the documentation
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and understanding of both past and future vegetation
changes. Most of the areas that experienced experimental
manipulations were measured for less than 5 years.
Remeasuring vegetation in those areas can provide insights
into the longevity of responses and the variation expressed
in recent changes such as the spread of Lehmann lovegrass.

Are-evaluation of these old data sets may reveal patterns
and suggest processes that were not originally apparent.
These re-evaluations will certainly benefit from the applica-
tion of new methods of statistical analysis such as repeated
measures and mixed-effects models of analysis of variance,
classification, and regression tree analysis. In addition,
spatial analyses of these data sets have been facilitated by
the creation of adigital archive thatisavailable on the World
Wide Web (McClaran and others 2002).

The establishment of any new experimental manipula-
tionsisgiveninvaluable direction by these long-term records.
In return, these new manipulations should be located where
they will not conflict with ongoing remeasurements or op-
portunities to remeasure past manipulations. Finally, all
efforts should be made to foster the long-term remeasurement
of these new manipulations beyond the common 3 to 5 years.
No message is clearer from this century of change than the
certainty that the initial response to manipulations will not
persist with time.

There are specific research questions that are stimulated
by this legacy of observation. Given the initial focus on grass
dynamics, efforts focused on the current grassland domi-
nated by Lehmann lovegrass deserve attention. How long
will the dominance persist, and will the absolute abundance
(cover, density, and biomass) stabilize, increase, or decline?
Will lovegrass dominance directly alter the expected pat-
terns of mesquite seedling recruitment, and future erup-
tions of burroweed and cactus? Will these patterns be al-
tered indirectly by the lovegrass because its abundant
biomass will facilitate and support more frequent fire? Does
the proposed grazing intensity threshold of 45-percent utili-
zation apply equally to lovegrass and native grasses?

Regarding mesquite, what are the maximum cover, den-
sity, and productivity per area for the species? Glendening
(1952) predicted a maximum of 30-percent cover, but that
mark has not been reached on the majority of the Santa Rita.
The development of a soil fertility island beneath mesquite
trees has been documented (Klemmedson and Tiedemann
1986; Tiedemann and Klemmedson 1986). What are the
limits to this accumulation, how deep in the soil will fertility
eventually increase, and how long will it last after trees are
removed? These patterns are important to neighbor plants,
and they are globally important because they address inter-
ests in the sequestration of atmospheric CO, through veg-
etation management.

Consulting past records, maintaining ongoing remeasure-
ments and initiating new manipulations can advance the
prediction of future burroweed and cactus eruptions. The
timing and duration of past eruptions were not entirely
synchronized. The degree and spatial pattern of their
asynchrony should be possible with repeat photography and
the network of 30 rain gauges (McClaran and others 2002).
Further investigation of the potential role of bacterial infec-
tion on cactus populations should also occur.

Finally, this accumulation of information should prove
useful in evaluating both theoretical and practical issues of
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rangeland vegetation ecology and management. For ex-
ample, the gradients of livestock use intensity and precipi-
tation records could be used to evaluate the theoretical
propositions of equilibrium versus nonequilibrium controls
on vegetation change (lllius and O'Connor 1999). Practi-
cally, the rich empirical information and documentation of
contingencies such as soils, precipitation patterns, and pre-
existing species composition could be used to construct a
catalog of vegetation states and the events that led to
transitions between those states (Westoby and others 1989).

It is obvious that the vast opportunities for future re-
search into the patterns, mechanisms, and implications of
vegetation changes are built on the rich legacy of a century
of observation and research. In addition to opportunities,
there are obligations to maintain and add to this legacy.
Therefore, one of our goals should be that during the bicen-
tennial celebration, our future efforts should ensure a sec-
ond century of research on the Santa Rita.
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Rangeland Livestock Production:
Developing the Concept of Sustainability
on the Santa Rita Experimental Range

Abstract: The Santa Rita Experimental Range (SRER) was established in 1903 at the behest of
concerned stockmen and researchers as the first facility in the United States set aside to study
range livestock production. At the time, severe overgrazing of the public domain had seriously
reduced carrying capacities of Southwestern rangelands. Researchers on the SRER developed and
demonstrated the concepts that became the foundation for the art and science of range manage-
ment. These included improved livestock husbandry methods and an initial understanding of how
grazing behavior influenced patterns of vegetation response. The emphasis for range livestock
production research, however, quickly focused on stocking levels and adjusting grazing and rest
periods in order to maintain or improve the abundance and production of forage grasses.
Subsequent research developed and demonstrated methods to achieve sustainable range livestock
production based on limited herd flexibility and controlled forage utilization levels determined by
stocking and monitoring histories. These concepts, conceived and tested on the SRER, contributed
greatly to the foundation of modern range management.
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Introduction

The Santa Rita Experimental Range (SRER) was established in 1903 when it was fenced out of the public domain.
Establishment of the SRER was a direct result of pressure from the livestock industry and concern by university and agency
researchers of the time that range productivity, in terms of livestock carrying capacity, had declined considerably. In the
preface to Griffiths (1901), agrostologist F. Lawson-Scribner wrote that the “free-range system has led to the ruthless
destruction of the native grasses” and stressed the “urgent needs of the stockmen for better range conditions.” Griffiths (1901)
recognized that “ranchers and those interested in stock growing are beginning to realize more and more the importance of
placing the range management in the hands of some one having authority and an interest in its preservation.” This authority,
whether at the State or Federal level, also required scientifically accepted criteria for range management, criteria that needed
to be developed and tested. Thus began the application of the art and science of range management to Southwestern
rangelands.

The SRER was specifically established to conduct “ecological research related principally to the range livestock industry”
(Martin and Reynolds 1973). This research program was developed to provide the science on which to base modern range
livestock production. Principle audiences for the research were ranchers and Federal agency field personnel (Roach 1950),
particularly the USDA Forest Service, which was assigned to conduct range research in 1915. For nearly eight decades the
Forest Service directed the research program on the SRER. Livestock grazing has continued on the SRER, but by the early
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1970s, research emphasis had shifted to studies on the
“impacts of grazing on the ecosystem” and more basic eco-
logical aspects of “semidesert ecosystems” (Martin and
Reynolds 1973). A broader audience of “working ecologists”
and the “urban public” had also emerged.

The emphasis for research may have been livestock pro-
duction, but from the beginning, the SRER was a range
manager’s place and the range vegetation was their primary
focus. Range livestock grazing research on the SRER devel-
oped and promoted the concept of conservative use and
sustainability. In 1975, Martin wrote that “Research and
experience indicate that ranges can be grazed at any time of
year without serious detriment if the intensity of grazing is
not too severe, and if periods of grazing alternate with
suitable periods of rest” (Martin 1975a). The objectives of
this paper are to examine the body of knowledge generated
on the SRER related to range livestock production systems
that led to these beliefs; discuss the concepts, methods, and
tools developed to apply them; and present stocking histo-
riesthatindicate the sustainability of conservative stocking.
I provide this manuscript as a tribute to all of the early
researchers, but especially to S. Clark Martin who spent
much of his long and distinguished career on the Santa Rita.

Grazing History

Early recordswell document the overstocking and deterio-
ration of southern Arizona rangelands. Livestock were first
introduced into southern Arizonainthe late 1600s by Father
Kino and early Spanish explorers (Allen 1989; Sheridan
1995), but Spanish ranching did not begin in earnest until
the beginning of the next century (Sheridan 1995). It is easy
toassume that ranges, where adequate water was available,
were fully stocked by Spanish and Mexican ranches in the
early 1800s. These early ranches were abandoned around
1840, but wild cattle in unknown numbers remained on the
ranges. Anglo ranchers began their influx soon after the
Civil War (Sheridan 1995). Range cattle, as well as sheep
and goat, numbers increased after about 1870 and skyrock-
eted by the mid-1880s. It was commonly reported that the
number of cattle in the Arizona Territory was about 5,000 in
1870, 230,000 in 1880, 650,000 in 1885, and over one million
in 1890. Dieoffs followed due to the combined effects of
overstocking and drought (Griffiths 1901). Severe summer
droughtin 1891 and 1892 resulted in cattle losses of up to 75
percent by late spring of 1893 (Martin 1975a). Nonetheless,
stocking on Arizona ranges continued to exceed carrying
capacities well into the 1900s. Stockmen and government
agency researchers alike attributed overstocking to open
range policy. Itwas adirect result of these conditions and the
importance of finding ways to stabilize the range livestock
industry that led to the establishment of the Santa Rita
Experimental Range. The SRER was fenced in 1903,
destocked, and allowed ungrazed “recovery” until 1914 (Mar-
tin and Reynolds 1973). After 1915 most of the area was
continuously grazed until 1957 when various schedules of
rest were implemented in study pastures.

Sustainable Grazing

At the beginning of Anglo settlement it was thought that
the primary economic resources of the Arizona Territory
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would come from minerals, but it was soon determined that
rangeland vegetation, especially the Bouteloua (grama)
grasses in the south, provided a vast forage resource for
livestock production. For the range livestock industry to
become a stable, long-term, economic base, however, the art
and science of range management had to be developed and
applied. This became a reality with the establishment of the
SRER.

The theory and philosophy of the sustainability of range
livestock production was pioneered on the SRER. The con-
cept was variously referred to from the earliest writings as
“the amount of stock that these lands will carry profitably
year after year” (Griffiths 1904), “keeping utilization in
harmony with forage supply” (Roach 1950), “sustained use
without deterioration of rangelands” (Reynolds 1954), and
providing “relatively stable livestock production without
seriously impairing other important resource values” (Mar-
tin and Reynolds 1973). Overgrazing was recognized early
as the primary deterrent to sustainable range livestock
production and characterized by observations such as “the
tops are continually eaten to the ground” causing the roots
to “gradually become extinct” (Griffiths 1901). The sus-
tained production of perennial grass forage for range live-
stock production “requires grazing the desirable plants to
the proper degree at appropriate times and the optimum
distribution of livestock” (Reynolds and Martin 1968). These
concepts were developed and applied on the SRER.

Range livestock production was a primary livelihood in
Arizona when the SRER was established. While decreasing
in economic importance over the years, grazing has contin-
ued on Southwestern semidesert ranges. Martin (1975b)
stated that these rangelands produced enough beef for
nearly 3 million people using only a third of the energy
required of other food production systems. The harvesting of
range forage, produced almost totally from solar energy,
remains the most basic way to convert sunshine to food.
Rangeland livestock production remains the most wide-
spread use of Arizona rangelands (Ruyle and others 2000).
Range management practices developed on the SRER have
allowed ranges to improve and maintain productivity over
time, and have led to the continued production of range
livestock.

The following describes the primary literature and basic
findings that supported the development and application of
sustainable range livestock production practices.

Range Management and Livestock
Production

Most of the researchers connected with the SRER equated
range management with range livestock production. Thatis,
their range management practices were focused on increasing
forage for livestock on semidesert ranges. The categories
below represent the primary literature related to range
livestock productiononthe SRER. Much of the literature has
been reviewed in earlier publications, albeit with a different
time reference.

By far the majority of research on the SRER did not focus
on livestock per se, although animal weights, especially of
weaned calves, were often recorded. Instead, the emphasis
was on the range vegetation for the purpose of managing
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grazing to improve and/or maintain the amount and distri-
bution of perennial grasses.

Effects of Grazing on Plant Communities

General impacts of open range grazing and unrestricted
livestock numbers were well documented at the turn of the
century. These included loss of forage productivity and
increases in plant species less palatable to livestock, bare
ground, and soil erosion. The fact that semidesert ranges
were vegetated by bunchgrasses rather than sod-forming
grasses increased the susceptibility of the soil surface to
“injury by trampling” (Griffiths 1901), which seemed to
surprise early observers (Toumey 1891). While overgrazing
was known and described, the ecological processes involved
were only beginning to be studied in an experimental fash-
ion when the SRER was established.

Grazing can influence all vegetation of the range, prima-
rily through selective herbivory on plant species over time
and space. Plants vary greatly in palatability to livestock,
and the preferred species tend to get grazed heavily, espe-
cially when animals are allowed to graze yearlong (Reynolds
and Martin 1968). Selective grazing can change the compo-
sition of the plant community and reduce the productivity of
the primary forage species. These now well-known processes
were demonstrated in descriptive studies and then experi-
mentally in small plot and pasture studies on the SRER.

In addition to the many early comparisons of ungrazed
versus heavy, continuous, yearlong grazing, vegetation dif-
ferences associated with distance from water were demon-
strated on a pasture with a single permanent water source,
and grazed yearlong for a 38-year period (1930 to 1968)
(Martin 1972). Heavy, moderate, and light use zones, moving
away from water, were associated with about 70-, 50-, and
25-percent utilization, respectively. Differences in grazing
use zones manifested species composition shifts among the
palatable perennial grasses. Heavy use (usually over 70
percent by weight) reduced the percent composition of
Bouteloua eriopoda Torr. (black grama), Tridens muticus
(Torr.) Nash (slimtridens), and Muhlenbergia porteri Scribn.
Ex Beal (bush muhly), and favored Aristida californica
Thurber var. glabrata Vasey (Santa Rita threeawn) and
Bouteloua rothrockii Vasey (Rothrock grama). More moder-
ate stocking was shown to improve composition of the afore-
mentioned midgrasses in later studies. Recovery potential of
overgrazed rangeland, although limited by increases in
mesquite, had been demonstrated early on the SRER and,
along with determining proper stocking levels, were re-
search themes for many years (Wooton 1916).

Early range researchers commonly used various clipping
intensities on range grasses to simulate grazing, although
the limitations of extrapolating data from clipped plots to
pasture level grazing processes were recognized (Culley and
others 1933). Clipping studies on the SRER compared inten-
sity and frequency of defoliation on several perennial grasses.
Findings demonstrated aboveground production was re-
duced by 50 percent on plants clipped weekly during the
growing season to 1-inch stubble compared to plants clipped
to that level only once at the end of the growing season
(Reynolds and Martin 1968).

36

Rangeland Livestock Production: Developing the Concept of Sustainability ...

Research also demonstrated plant community differences
by comparing protected areas with adjacent areas grazed
continuously (Griffiths 1910). Species most abundant under
continuous yearlong grazing were Hilariabelangeri (Steud.)
Nash (curley mesquite), Rothrock grama, and Bouteloua
filiformis (Fourn.) (slender grama), and species favored by
protection were Digitaria californica (Benth.) Henr. (Ari-
zona cottontop), bush muhly, black grama, Bouteloua
curtipendula (Michx.) Torr. (sideoats grama), Aristida spe-
cies (threeawns), Eragrostis intermedia Hitchc. (plains
lovegrass), and Leptochloa dubia (H.B.K.) Nees (green
sprangletop) (Canfield 1948; Reynolds and Martin 1968).
Grazing pressure resulted in about 50-percent utilization on
the group of species most abundant where grazing was
continuous and was “much heavier” on the grasses that
responded most to protection from grazing. Other studies
failed to demonstrate such benefits to the more palatable
midgrasses with protection from grazing, especially under
moderate use levels (approximately 40 to 60 percent aver-
aged over species and years) (Canfield 1948) or when shrub
cover (primarily Prosopis juliflora var. velutina (Woot.)
Sarg. (mesquite)) was dominant (Caraher 1970; Glendening
1952).

General Range Animal Husbandry

Many changes were seen in the principles and methods of
raising cattle in the Southwest during the first several
decades after establishment of the SRER. The Superinten-
dent of the SRER from 1921 to 1950, Matt Culley, recog-
nized that modern business and range management meth-
ods were necessary for ranching success. Most ranches were
“run as breeding operations” with the chief source of income
being calves sold in the fall or as yearlings the following year
(Culley 1946a). Therefore, the percentage of calves produced
was of extreme importance. Research on the SRER sug-
gested several factors that increased herd production and
earnings (Culley 1937a, 1946a,b,c, 1947, 1948). These in-
cluded “stocking the range on the basis of sustained yield,”
reducing pasture size, increasing watering places, regulat-
ing the breeding season, and reducing death loss. Improving
general management practices with mechanical livestock
handling aids was also suggested. Marketing strategies
were also evaluated, but as Parker (1943) wrote, “the condi-
tion of the range should always be considered first” in
deciding when to sell the animals. Such a strategy required
aflexible approach to fall weaning and culling. In good years
calves could be held over, and in drought conditions even
breeding cows might need to be sold.

Although influenced by grazing pressure and the impact
of droughts on forage production, calf crop and calf weights
increased remarkably on the SRER after the 1920s, due to
general improvements in animal genetics and handling
methods (Reynolds 1954) as well as reductions in grazing
pressure (Martin 1943). For example, in the 1943 Hereford
Journal, Martin reported increased average annual calf
production per cow was 192 pounds to 368 pounds, depend-
ing on stocking rates that ranged from 30 to 70 acres per cow.
The average cow produced 44 pounds more in calf weight
with each additional 10 acres of range she was allowed to
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graze. Improvements in the kind of cattle, in terms of
breeding, nutrition, and culling practices, also contributed
to these gains. Hereford cattle predominated on the SRER
for much of its history, but after the mid-1960s they were
gradually being replaced with crossbred herds (Culley 1946b;
Martin 1975a).

Grazing Behavior

Grazing Habits—An important aspect of effective range
management is the study of grazing behavior of cattle on the
range (Culley 1937b, 1938a). Culley was interested in the
relative preference by cattle for different forage plants as
well as the general grazing behavior of cattle. He determined
that some forage species were grazed “indiscriminately”
year round while others were primarily selected seasonally.
Culley also described cattle grazing patterns and activity
budgets on aseasonal basis. He reported summer and winter
grazing periods of 7 and 8 hours a day, and spring grazing
averaged 9 hours daily. Fall and early summer grazing was
confined to grasses along washes. Mesquite and Acacia
greggii A. Gray (catclaw) were used during the winter and
late spring, and other shrubs were browsed throughout most
of theyear. Zemo and Klemmedson (1970) further quantified
activity budgets using fistulated steers and concluded that
theirexperimental animals responded in asimilar fashion to
intact animals as reported in other studies. However, they
did record a higher amount of night grazing than most other
observations.

Gamougoun (1987) related cattle activity budgets to char-
acteristics of available forage. He found that cattle grazed
longer during the summer than in winter and walked more
in heavily grazed pastures than in more moderately grazed
areas. Gomes (1983) compared behavioral activities of Here-
ford and Barzona cows and recorded almost identical daily
activities.

Ruyle and Rice (1996) described more recent and detailed
cattle feeding behavior studies conducted in pastures on the
SRER that primarily supported Eragrostis lehmanniana
Nees (Lehmann lovegrass) stands. Cattle grazing utiliza-
tion patterns on these pastures resulted in heavily grazed
patches interspersed throughout ungrazed or lightly grazed
areas (Ruyle and others 1988). Cattle spent approximately
80 percent of their grazing time feeding in previously grazed
patches and only slightly altered this ratio with increasing
stocking rates (Abu-Zanat 1986; Nascimento 1988; Ruyle
and Rice 1996). Cow biting rates were higher and bite sizes
usually smaller when feeding in heavily grazed patches
versus lightly grazed areas (Ruyle and others 1987; Ruyle
and Rice 1996). Higher nutrient densities and a reduced
presence of residual stems in grazed patches were thought to
be the primary factors influencing cattle grazing strategies
in pastures dominated by Lehmann lovegrass.

Diet Selection—Plant species vary in palatability sea-
sonally and among life forms, and cattle prefer new green
forage, shifting their diets in several ways to accommodate
this preference (Lister 1938a,b, 1939). Santa Ritaresearchers
observed these differences empirically and experimentally
and attempted to use them to control grazing distribution
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and use on the various classes of forage (Canfield 1942a;
Lister and Canfield 1934; Reynolds and Martin 1968). Most
perennial forage grasses were grazed throughout the year.
Arizona cottontop was more heavily grazed in the summer,
and black grama and bush muhly were grazed most heavily
in the winter. Cable and Bohning (1959) were first to dem-
onstrate that the exotic Lehmann lovegrass, introduced
from South Africa, was primarily grazed during the spring
when it occurred in mixed stands with native perennial
grasses.

More exact methods to quantify range cattle diet selection
were employed beginning in the early 1960s on the SRER.
However, these researchersusually estimated only the crude
protein content of diets (Shumway and others 1963). A
method to estimate botanical composition of diets from
fistulated animals was tested and diet selection results
reported in later studies (Galt and others 1968, 1969, 1982).
These studies verified earlier results demonstrating that
certain species were preferred throughout the year while
others were selected seasonally. Summer preference for
Arizona cottontop and Setaria macrostachya H.B.K. (plains
bristlegrass), winter and spring consumption of black grama
and Lehmann lovegrass, summer use of slender grama,
spring use of Rothrock grama, and winter and summer
selection of mesquite and Calliandra eriophylla Benth.
(false mesquite) were again demonstrated.

Nutrition

Early studies indicated that the primary forage grasseson
the SRER did not provide adequate crude protein or phos-
phorous during the driest times of the year, usually Decem-
ber to February and May and June (Hubber and Cable 1961).
These findings were substantiated by later work. Using
fistulated animals, researchers demonstrated that steers
selected diets much higher in crude protein than hand-
clipped samples, although the forage consumed only pro-
vided adequate crude protein year around if green, herba-
ceous growth was available or shrubs made up large portions
of the diet (Cable and Shumway 1966; Galt and others 1969;
Hayer 1963). While cattle could meet their protein require-
ments over most of the year by selective grazing, seasonal
animal weight changes were caused by seasonal changes in
animal requirements (primarily associated with reproduc-
tion) and seasonal changes in the quantity and quality of
forage (Ward 1975).

Later nutritional studies focused on Lehman lovegrass as
it greatly increased in abundance on much of the SRER
(Anable and others 1991). Nutritive values were reported
from samplesclipped seasonally and from heavily and lightly
grazed patches (Abu-Zanat 1989; Osman 1980; Renken
1995). Both crude protein and in vitro dry matter digestibil-
ity were higher in Lehmann lovegrass samples from heavily
grazed patches than from the adjacent lightly grazed areas
(Renken 1995). Diet quality of cows grazing Lehmann
lovegrass was also estimated (Ruyle and Rice 1996). Al-
though standing biomass of Lehmann lovegrass is often
nutritionally marginal, cattle were able to select green
material with adequate crude protein and phosphorous to
meet their needs throughout most of the year.
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Grazing Distribution

Achieving adequate grazing distribution became an issue
as stocking rates were slowly reduced on the SRER. Free-
ranging livestock tend to concentrate grazing use near
permanent water, resting areas, ridges, bottoms, and areas
near trails. Forage utilization levels decrease with increas-
ing distances from these sites (Reynolds and Martin 1968).
Range management practices such as watering, salting,
supplemental feeding, and fencing were all used on the
SRER to improve grazing distribution.

Adding watering places was an early method to promote
uniformity of forage use (Culley 1938b). Water hauling was
also effective in improving grazing distribution, especially
during drought conditions; however, under some situations
this practice proved too costly (Bohning 1958a; Reynolds and
Martin 1968). Controlling access to water within individual
pastures was also used to rotate grazing. Martin and Ward
(1970) demonstrated that utilization of perennial grasses
near water could be reduced and herbage production in-
creased using this technique.

Providing salt or salt meal was another common method
to improve distribution of grazing (Bohning 1958b) albeit
with mixed results (Culley 1938b). Placing salt or salt meal
on remote parts of the range was found to increase utiliza-
tion of perennial grasses in those locations, but did not
significantly reduce use on areas closer to permanent water
(Martin and Ward 1973).

Fencing to improve grazing distribution was also imple-
mented on the SRER, and subdividing large pastures im-
proved livestock handling and forage use patterns, resulting
in increased calf crops (Reynolds and Martin 1968).

Stocking Strategies

Conceptual Considerations—From the earliest writ-
ings, researchers recognized that if overstocking was the
problem, proper stocking was, at least in large part, the
solution. As early as 1891, Toumey wrote, “Overfeeding a
range has a tendency to kill out better grasses.” He recog-
nized that there were ecological and economic limits to
which the range should be stocked and “beyond this limit...
will be a detriment to the permanency of the range.” Reduc-
ing stocking rates in order to get cattle numbers more in line
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with forage production was one of the first orders of business
on the SRER (Culley 1937c).

As previously stated, the SRER was destocked from 1903
until about 1914 to allow for some degree of recovery from
the extreme overuse suffered under the open range grazing
policy for public lands. The SRER was grazed yearlong from
1915 until 1957 when seasonal grazing and grazing system
research began.

Over the years a variety of stocking rates have been
suggested for semidesert grassland ranges (table 1). Santa
Rita researchers and managers recognized declining pro-
ductivity coupled with a series of drought years and gradu-
ally reduced livestock numbers (table 2). Additionally, per-
ceptions of conservative stocking and resulting moderate
utilization changed over the years, desired levels of utiliza-
tion being reduced from about 70 percent (derived from
stubble height recommendations found in the archives) to
the 40 percent recommended in various publications by
Reynolds, Martin, and Cable during the 1960s and 1970s.

Stocking rates on the SRER averaged about 19 acres per
Animal Unit Year (AUY) during 1915 until 1925, when they
were reduced to about 44 acres per AUY due to historic
overuse and declining forage productivity (Cable and Martin
1964). Utilization levels, however, remained high until, in
1956, stocking rates were reduced again in at least four
pastures in an attempt to achieve an average 40-percent
utilization over species and pastures, which was the stock-
ing objective of the Cable and Martin study (table 2).

Stocking strategies became especially critical during fre-
quent droughts. Experience indicated that each 10-year
period brought at least 3 years of critically dry conditions
(Canfield 1939). How best to provide continuous yearlong
forage for a constant number of livestock became a stocking
rate problem. On black grama ranges at the Jornado Experi-
mental Range in southern New Mexico, Canfield (1939)
reported that stocking rates of 22 acres per AUY, even
though reduced from higher levels at the beginning of the
study, were still too high to be maintained in drought years.
Conservative stocking levels were recommended that would
leave an additional 25 percent of the “useable grass of the
average forage crop...ungrazed at the beginning of the new
growing season.” Presumably, this adjustment further re-
duced stocking rates to approximately 29 acres per AUY.

Table 1—Recommended stocking rates for native semidesert grassland in the Southwest.

Stocking
rate acres per AUY? Approximate location Source

37 Semidesert grassland Griffiths (1904)

50 Santa Rita foothills (approximately 4,000 ft) Griffiths (1904)

20 Good pasture on Santa Rita Range Reserve ~ Wooton (1916)
25t0 45 General estimate for semidesert grassland Ware 1939 (AWP)°

22 Black grama range on the Joranada Canfield (1939)

20 Areas over 4,000 ft on the SRER Bohning and Martin (1954)
25to 50 High-elevation pastures on the SRER Reynolds and Martin (1968)
50 to 100 Mid-elevation pastures on the SRER Reynolds and Martin (1968)
60 to 160 Low-elevation pastures on the SRER Reynolds and Martin (1968)

a Acres per Animal Unit Year.

® Unpublished document from the Arizona WPA Writer's Project.
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Table 2—Actual stocking rates applied to various locations on the Santa Rita Experimental Range (SRER) in southern Arizona.

Stocking rate

acres per AUY? Years Approximate location Source
13.3 1908 to 1914 Averages for Ruelas, Proctor, and MacBeath, early ranchers on the SRER Wooton 1916
19 1915 to 1925 Average stocking for pastures 1, 7, 8, and 10 Cable and Martin 1964
63 1926 to 1937 Average stocking for entire SRER Culley 19377
19 1922 to 1931 Average stocking for “a foothills pasture” Reynolds 1950
30 1932 to 1941 Average stocking for “a foothills pasture” Reynolds 1950
44 1941 to 1956 Average stocking for pastures 1, 7, 8, and 10 Cable and Martin 1964
2310 63 1957 to 1966 Range of stocking for pastures 1, 7, 8, and 10 Cable and Martin 1964
20to0 43 1957 to 1966 Average stocking for pastures 1, 7, 8, and 10 Cable and Martin 1975
120 1957 to 1967 Average stocking for pastures 12B, 3, 2N, 5S, 5N, and 6B Martin and Cable 1974
45 1972 to 1984 High-elevation, Block 1 Martin and Severson 1988
62 1972 to 1984 Mid-elevation, Block 2 Martin and Severson 1988
141 1972 to 1984 Low-elevation, Block 3 Martin and Severson 1988

2 Acres per Animal Unit Year.

Reynolds (1954) applied this conservative philosophy in
his classic discussion of drought and range management
based mostly on data from the SRER, collected and orga-
nized by Matt Culley. Reynolds compared forage production
and stocking rates during three 10-year periods (1922 to
1931, 1932 to 1941, and 1942 to 1951). He characterized
droughtseverity during these periods, respectively, asslight,
moderate, and severe. The stocking level was considered
conservative during the entire 30-year period, and “was
maintained about 20 percent below that which would have
been possible based upon average forage production.” Based
on a review of records, this stocking strategy probably
resulted in an average utilization level of around 60 percent
over the 30 years, a little higher during the early years, and
a little lower later in the study. This variance was likely due
to the diligence with which the stocking levels were actually
adjusted. Relying on these long-term records, Reynolds
recommended stocking rates that would “use about 40 per-
cent of the average long-term forage production,” but also
determined that stocking should be 40 percent below this
average about 35 percent of the time “when droughts reach
moderate and severe intensity.” In other words, during
droughtyears, reduced production levels would provide less
forage for consumption than 40 percent of the long-term
average, even at relatively heavy utilization levels. He
recognized that livestock operations needed to cull heavily in
bad forage years while holding over yearling animals and
perhaps purchasing other growing animals during good
forage years. The basis of his stocking strategy appears to be
aimed at the ability to maintain a base cow herd at a level
that reduces the need to heavily destock in drought years.

For their 8-year grazing study in pastures 1, 7, 8, and 10,
Cable and Martin (1964) carefully set stocking rates every
October based on forage production during the previous
summer in an attempt to achieve a 40-percent utilization
objective. These calculations, based on Reid and others
(1963), resulted in average stocking of 49 acres per AUY in
range units 8 and 10, and 63 acres per AUY inunits1and 7.
The Reid and others regression approach to stocking re-
quires a history of intensive data on herbage production and
utilization, and was developed for stocking experimental
pastures. However, in the Cable and Martin (1964) study,
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utilization varied yearly from about 30 percent to 65 percent,
and use on individual species varied even more widely, even
though animal numbers were adjusted annually. Arizona
cottontop, plains bristlegrass and, surprisingly, Lehmann
lovegrass were used most heavily, while one of the least
utilized species was black grama. The high use levels for
Lehmann lovegrass likely have less to do with palatability
than relative forage abundance; the less abundant species
were grazed the most. Overall, utilization levels achieved
during this study allowed increases in grass cover over prior
years when use was much heavier.

Other records also indicate that species composition of
perennial grasses on the SRER has changed since about
1942 as stocking rates were reduced (Reynolds 1956; Rivers
and Martin 1980). In 1942, a utilization objective of 50
percent of all the perennial grass herbage was considered
conservative. However, actual utilization averaged higher
than that between 1942 and 1957 (52, 54, and 58 percent on
low-, middle-, and high-elevation pastures). From 1957 until
1966, the utilization objective was lowered to 40 percent of
all of the perennial grass herbage, and the Reid and others
(1963) basis for adjusting numbers was employed. Utiliza-
tion “varied markedly” from year to year even though cattle
numbers were adjusted each fall (Rivers and Martin 1980).
However, over years and all perennial grass species, use at
the upper elevation averaged 42 percent, well below the
previous years, while use in the middle and lower elevation
pastures averaged 49 percent. The more palatable midgrasses
increased in composition up to 72 percent during this period.

Practical Considerations—Estimating grazing capac-
ity for a range and making stocking rate adjustments to
achieve utilization objectives are largely of conceptual inter-
est; however, developing practical strategies to increase or
reduce stocking from one year to the next can have tremen-
dous logistic and economic consequences. Martin (1975c)
clearly recognized these practical implications to range
management recommendations and, using a plethora of
data collected on the SRER, designed a simulation study to
analyze “several strategies for coping with year-to-year
changes in forage production” focused on ranch income.
Records of forage production, utilization, and stocking rates
for eight pastures over 29 years were used to compute
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“average proper stocking” (based on 40-percent utilization)
and to determine the effect of various stocking strategies on
cattle sales income at these levels. Stocking rate strategies
included constant stocking at 100, 90, and 80 percent of
average proper stocking. “Flexible stocking” allowed the
number of animal units to fluctuate from 60 to 140 percent
of the average proper stocking in accordance with forage
production, and “limited flexible stocking” allowed fluctua-
tions of 70 to 110 percent of average.

Under flexible stocking, two plans to reduce stocking were
tested for culling in years when forage production was less
than the year before. In the first strategy, these manage-
ment scenarios sold, in order: (1) weaner calves normally held
until yearlings, (2) replacement weaner heifers, (3) replace-
ment heifers, and (4) older breeding cows. In the second
strategy, old cows were sold first and replacement heifers
last. To increase stocking, the scenarios held cows normally
culled if the total number of bred cows was low, also held
calves normally sold as weaners, and “purchased” additional
stocker calves. The highest simulated average net sales
resulted from constant stocking at 100 percent of the aver-
age level of proper stocking (the highest constant stocking
rate tested) followed by net sales under flexible stocking (the
flexible rate that allowed increases up to 140 percent of the
average). However, Martin understood that the “hazards
and high costs of overstocking” also should be considered.
Therisk of overstocking was evidenced by the fact that these
two stocking levels, constant average and the flexible rate
with the highest stocking, would result in overstocking
almost half the time. The well-documented results of over-
stocking were manifest in future reduced productivity of
perennial forage grasses, facts well known to Martin!

In Martin’s analysis, the relative economic advantage of
stocking cows and calves over yearlings depended largely on
differences in weight and price per pound between calves
and yearlings. Simulations showed that cow-calf units pro-
duced more income per animal unit of stocking than cow-
yearling units at calf crops of 60 percent or better. Yearlings
needed to be held over a full year to ensure they would weigh
enough to justify keeping them. However, net sales per 100
animal units in flexible stocking of 120, 130, or 140 percent
of average in the best forage years were only $100 to $200
greater than for constant stocking at 90 percent of the
average proper stocking. Martin was “almost certain that
stocking at 90 percent of the average will be more profitable
in the long run” than stocking at any higher levels. This
stocking rate, 90 percent of the long-term “average proper
stocking” (which was calculated at 40-percent utilization)
continues to be recommended for semidesert ranges today
(Holechek and others 2003). Yet, actual stocking rates higher
than these have maintained or improved forage grass stands
on the Santa Rita.

Even though SRER researchers attempted to set stocking
to achieve specific utilization standards each year, their
efforts were surprisingly unsuccessful. Utilization levels
varied yearly and by pasture in every long-term grazing
study conducted on the SRER. As Martin wrote in 1975a,
“stocking rates assume that utilization of perennial grasses
over a period of years averages around 40 percent, but may
range from as low as 20 percent to as high as 60 percent in
individual years.” He went on to say that “the carrying
capacity of a range cannot be measured precisely.” Grazing
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capacity estimates should be determined “by pasture tests
under actual grazing use” (Talbot 1937). As Reynolds and
Martin (1968) wrote, “each range should be stocked on its
own merits.” Only by stocking and monitoring utilization
and plant community responses over time can actual graz-
ing capacities be estimated and adjusted as environmental
conditions dictate.

Estimating Utilization

“The key indicator of proper stocking is the intensity of
use” (Martin 1975a), so methods to help adjust stocking
rates accordingly needed to be developed and tested. The
primary expression of stocking levels on range vegetation is
“utilization,” defined in 1944 as the degree to which animals
have removed the current growth of herbage, expressed in
percentage of growth within reach of livestock (Society of
American Foresters 1944, as cited in Heady 1945). Measur-
ing and interpreting utilization is “one of the mostimportant
phases of range management.”

Humphrey stated in 1938 that during the 22 years (at that
time) of regulated grazing on the SRER, “the aim has been
to determine proper utilization.” But to do this, the SRER
researchers needed a way to improve the accuracy and
meaning of utilization estimates. If not conceived on the
SRER, the concept of utilization was certainly refined, and
field methods were developed and applied as a major re-
search effort there. In this way utilization levels on peren-
nial grasses were estimated to determine stocking pressure.

Specifically, early SRER managers and researchers recog-
nized certain fundamental concepts of utilization. The con-
cepts of proper use, using key species as indicators of utili-
zation on the range as a whole, and the variation in “proper
use for a given key species” by range type, soils, and class of
stock were summarized by Crafts and Wall in 1938. They
clearly realized that “In order that the standards may be
properly interpreted and applied, certain fundamental con-
cepts of utilization must be recognized.” They specified that
utilization “should be determined at the end of the grazing
season,” in other words, fall on seasonal summer ranges and
spring on yearlong or seasonal winter ranges.

Parker and Glendening (1942a) defined proper use as “the
degree of grazing that will allow the more palatable forage
plants to maintain density and vigor, prevent undue runoff
and erosion,” and proper use factors, recognized to be “an
average for the type” were assigned to individual grass
species. Proper use guides varied by range condition with
higher levels permissible on ranges in better condition
(Crafts 1938b; Parker and Glendening 1942a). Utilization
was clearly to be determined “at the end of the grazing year
or season” (emphasis in original Parker and Glendening
manuscript).

Commonly, the very early observers merely recorded
utilization in relation to 100-percent use, and ranges were
not considered fully used until “all vegetation was grazed to
the ground” (quote from unpublished field notes in SRER
archive). However, later researchers soon developed pro-
gressively quantitative methods to estimate utilization. In
Lister (1938a), “utilization figures represent the percent-
ages grazed of the total plant height” for perennial grasses.
Crafts (1938b) recognized that height and volume were not
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analogous and developed height-weight relationships for
the various forage grasses as “a possible method for measur-
ingvolume utilization in the field.” This method was adapted
tofield procedures using step or line transects by Parker and
Glendening (1942b). A utilization gauge was developed to
compute the percent of plant volume removed (Lommasson
and Jenson 1943; Parker and Glendening 1942b). Pastures
were divided into at least two utilization zones for sampling
(Parker and Glendening 1942b), and the number of transects
required was determined by the relative size of the zone.
Utilization was estimated by species, and a weighted aver-
age based on the number of plants (called percent composi-
tion) was calculated for each zone. Then the percent of
proper use was determined by “dividing actual percent use
by the calculated percent proper” that was based on proper
use factors assigned to each important, grazed species.

Canfield (1942a) proposed the line interception method to
estimate utilization (and other “forage-plant inventory” at-
tributes) as a field technique to “insure uniformly good
results.” Stubble heights and basal intercepts were recorded
on the line, and each stubble height measurement was
placed in a stubble height class adapted from Culley (1939)
(SRER archives, unpublished data). Measurements were
then converted to a weighted average height for each species
(Canfield 1944a). A “short-cut” way to apply stubble height
estimates was also described by Canfield (1942b, 1944b) for
“the field man who has much work to do and little time to do
it in.” This procedure estimated only the amount of a grass
stand grazed to a stubble height of 2 inches or less. Canfield
suggested that a proper utilization level was reached when
about 60 percent of the forage grasses had been grazed to a
height of 2 inches.

Methods to estimate forage use on the SRER changed over
time reflecting more conservative stocking levels and more
intensive analysis (table 3). From 1920 to 1938, use was
mapped during a general range reconnaissance by “percent
of proper use” in seven percentage classes (SRER archives,
unpublished field notes): (1) 0 to 30 percent, (2) 35 to 50

Ruyle

percent, (3) 55 to 65 percent, (4) 70 to 80 percent, (5) 85 to 90
percent, (6) 100 percent, (7) greater than 100 percent.

In the 1939 “Utilization survey report on the Santa Rita
Experimental Range,” Culley provided nine stubble height
classes (table 3) that were combined with a line intercept
method to estimate degree of use on individual grass species.
This method was used until 1949, differing only slightly the
last 3 years of use by locating transects at varying distances
from water. In 1950, the method of basing utilization on the
percentage of ungrazed plants (Roach 1950) was initiated.
This then became the method of choice for most subsequent
utilization surveys, including all pasture level grazing stud-
ies up to and including Martin and Severson (1988).

Grazing Management and Grazing
Systems

Early range scientists commonly recommended some sort
of seasonal rest (for example see Sampson 1919), and this
was not loston the Santa Ritaresearchers. Early research on
the SRER, however, focused on reducing stocking rates and
the effects of yearlong grazing. Lister and Canfield (1934)
studied seasonal differences in cattle selection of grass
species and found that different species were preferred in
different seasons. Lister (1938b) noted that cattle preferred
sideoats grama and Arizona cottontop during the summer,
and curly mesquite, black grama, bush muhly, Bouteloua
chondrosioides (H.B.K.) Benth. Ex S. Wats. (sprucetop
grama), and slender grama were preferred during the fall
andwinter. Bouteloua hirsute Lag. (hairy grama) and Lycurus
setosus (Nutt.) C. Reeder (wolftail) were chosen primarily in
the spring. Lister and Canfield concluded, “Seasonal, selec-
tive grazing is the natural grazing system.”

To properly stock a range grazed yearlong, this seasonal
preference was to be coupled with seasonal production of
forage species. Canfield (1938) applied this concept to black
grama ranges on the Jornada Experimental Range in a
system of grazing he called “semi-deferred.” Semideferred

Table 3—Methods used to estimate utilization of perennial grasses on the Santa Rita Experimental Range in southern Arizona.

Years Method used

Reference

1920 to 1938
as percent of “proper use”

1939 to 1946
1947 to 1949

1950 to 1984
ungrazed plants

General reconnaissance; use was mapped

Line transects to estimate stubble height;
these were placed into stubble height classes?

Same as above except line transects were located
at several distances from permanent water

Pace transects to estimate the percent of

Unpublished field notes from archives

Canfield 1942a and b, Culley’s unpublished field
notes from archives

Parker and Glendening 1942b, unpublished field
notes from archives

Roach 1951

2 Stubble height classes from Culley (1939) (unpublished document in SRER archives).

Class Stubble height Comments
1 /2 inch or less Very closely used
2 /210 1 inch Closely used
3 1to 2 inches Light overuse
4 2 to 4 inches Generally conservative use
5 4 to 6 inches Moderate use
6 6 to 8 inches Light use
7 8 to 10+ inches Light to no use
8 Ungrazed

USDA Forest Service Proceedings RMRS-P-30. 2003
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grazing provided yearlong use but applied “relatively light
stocking during the summer grazing season and heavier
stocking during fall, winter and spring months.” By regulat-
ing stocking in this manner, Canfield concluded, “both
summer and winter forage plants receive their just propor-
tions of use.”

Continuousyearlonggrazing, however, especially at heavy
stocking levels, was well known to alter native grass species
composition and reduce forage production on Southwestern
ranges (Canfield 1948; Martin 1972). This was especially
true near waters with long histories of heavy use. Reducing
stocking levels only partly solved this problem because
heavy use persisted near permanent water sources. Rotat-
ing access to water on the SRER somewhat altered the
pattern of heavy use if stocking rates were moderate and the
“closed period” included the summer growing season (Mar-
tin and Ward 1970).

Under yearlong grazing, proper stocking rates should
allow roughly 70 to 80 percent of the current year’s forage to
remain after summer use (Lister and Canfield 1934; Talbot
1937). These levels were not the norm on southern Arizona
ranges during the first half of the twentieth Century. Utili-
zation surveys on the Santa Rita routinely reported average
use well in excess of 70 percent until the 1940s when levels
were reduced somewhat (SRER archives, unpublished docu-
ments). By this time, experience and empirical evidence
conspired to cause reductions in recommended use levels on
the SRER. Utilization levels of around 40 to 45 percent on
perennial grasses were a common recommendation by mid-
1950, however, surveys continued to document average use
of over 50 percent on the SRER (SRER archives, unpub-
lished documents). While stocking rates had received con-
siderable attention by mid-century, the effects of grazing at
different seasons had not yet been extensively studied in the
Southwest.

Data from studies presented at the 1927 Annual Ranger
Meeting (SRER archives, unpublished document) indicated
that researchers were considering various timings of graz-
ing early in the history of the SRER. Small pasture divisions
were protected from grazing during various seasons, and
these were compared with “yearlong overgrazing” and “con-
servative grazing.” Itis evident that stocking was to achieve
100-percent use of “average forage production” except under
conservative grazing where about 15 percent of the produc-
tion was left ungrazed (85-percent utilization). Only under
conservative yearlong stocking, even at this high level of
utilization, did the “palatable forage grasses” make gains in
plant density. Thus, level of stocking rather than seasonal
rest was believed to be the primary factor preventing loss of
forage species.

In later studies, Reynolds (1956) demonstrated similar, if
notincreased, recovery of cottontop on conservatively stocked
pastures grazed yearlong compared to summer-deferred
pastures. However, season of use continued to be investi-
gated as a potential grazing management strategy. For ex-
ample, Cable (1979) found that, over a 15 year period, dor-
mantseasongrazing, evenathighintensities (over 70 percent),
had no detrimental influence on Arizona cottontop.

The comparison of seasonal grazing with yearlong grazing
on apasture scale began inearnestin July 1957 with the two
10-year studies, described fully by Martin and Cable (1974)
and Cable and Martin (1975). The grazing treatments in the
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two studies were the same, November to April, May to
October, and yearlong, but stocking was much heavier as
described by Martin and Cable (table 2). The intent was to
stock the seasonally grazed pastures at the same rate as the
yearlong pastures, hence the number of animalswere doubled
in the seasonal units. As has proved the norm in large-scale
grazing studies, weather was a dominant influence on veg-
etation responses. Additionally, initial plant community
differences (perennial grass basal cover) among pastures
persisted throughout the study. Although Cable and Martin
(1964) concluded “moderate utilization of the perennial
grasses combined with alternate-summer defermentof graz-
ing resulted in marked range improvement,” and Reynolds
and Martin (1968) reported seasonal deferment benefits
were “evident in the preliminary results,” the 1974 analyses
stated that such deferment “had no apparent beneficial
effect,” and the 1975 paper stated “alternate-year summer
deferment did not improve perennial grass production.”

Seasonal grazing did not result in improved animal or
vegetation conditions when compared to yearlong grazing,
perhaps partly due to more concentrated use limiting diet
selection and somewhat higher utilization levels in the
seasonally grazed pastures. Calf weights reported by Martin
and Cable (1974) averaged somewhat higher from pastures
grazed yearlong (415 poounds versus 396 pounds) and were
significantly higher from the higher elevation pastures (446
pounds versus 365 pounds). These researchers continued to
ponder the importance of seasonal rest, however, and sev-
eral important hypotheses came from this study.

Martin and Cable determined that the November to April
grazing treatment was not entirely a dormant season of
grazing, but included a critical period of spring growth
(February to April). Even though perennial semidesert
grasses produce little growth during that period, it is the
time when basal buds “break dormancy to initiate the culms
that produce forage the following summer” (Cable 1975;
Martin and Cable 1974). These researchers suspected that
spring grazing was detrimental to forage production in the
following summer, and this became the basis for further
clipping studies (Martin 1973a) and, eventually, the founda-
tion for the Santa Rita Grazing System (Martin 1973b;
Martin and Severson 1988).

To more fully test this hypothesis, Martin (1973a) de-
signed a series of small plot (20-ft square) grazing treat-
ments to simulate 15 “rest-grazing schedules.” He accom-
plished these treatments during an 8-year study by rotating
a series of panels to exclude grazing during certain periods
at locations on “overgrazed range near permanent water”
(Martin and Ward 1976). Due to such a location, average
utilization was heavy, as high as 70 percent on plots that had
been grazed continuously for the preceding 12 months or
that had been rested in winter only. Of all the treatments
tested, March through October rest, two years in three,
resulted in greatest total perennial grass production. Grass
densities were also highest in these plots, but not signifi-
cantly greater than those with other combinations of rest.

Several of these alternate year seasonal rest treatments
were compared in three different pastures in the Martin and
Ward (1976) study. Seasons of rest were spring (March
through June), summer (July through October), and winter
(November through February), and were applied in various
combinations using similar 20-ft-square exclosures as the
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earlier study. Perennial grass production was the measure
of effectiveness and varied greatly among sites and years
during the 7-year study. This variability masked any effects
of the rest schedules on perennial grass production; how-
ever, March through October rest in alternate years was the
best of the six treatments at two of the three sites in the
experiment. This gave the researchers some hope that these
results supported the earlier study, but they also suggested
that perennial grass production might be too variable an
attribute to test trends in “short term grazing studies”
(Martin and Ward 1976).

From these studies and others, Martin (1973b, 1978b)
proposed the three-pasture grazing system that became
known as the Santa Rita Grazing System (table 4). The
system was tested experimentally on the SRER at a pasture
scale from 1972 to 1984 (Martin and Severson 1988). Study
treatments included both a continuous yearlong treatment
and the Santa Rita Grazing System, and were blocked by
elevation roughly corresponding to the foothill, mesa, and
transition units recognized by Canfield (1948) and Reynolds
(1954). Utilization and densities of perennial grasses and
canopy cover of shrubs were measured at two distances from
water. Standing crop estimates were also determined
each fall. Utilization was estimated by the ungrazed plant
method (Roach 1950) and averaged about 50 percent for
all treatments.

Plant densities and production varied in response to
precipitation and elevation each year, but did not show
measured positive responses to the grazing treatments. The
pasture level study failed to duplicate the results of the
previous small plot studies. Again, the researchers justified
this nonresponse by citing site-specific variability in overall
range conditions at the beginning of the study (higher
densities of perennial grasses than the earlier study), rela-
tively low grazing intensity, and climatic variability. Un-
daunted, Clark continued to fully believe and was not hesi-
tant to write that 2 consecutive years of March through
October rest should be included in semidesert grassland
grazing systems (Martin 1975a).

In the early 1980s, a short-duration grazing system was
brieflyimplemented, with aradial spoke fence design, where
pasture fences radiate from a common water source. The
demonstration never received the management attention
necessary and was soon abandoned as a project.

Data Contingencies and Research
Gaps

The Santa Rita researchers recognized there were limi-
tations to their research imposed by the range itself.
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System-level influences were manifested in the results from
most grazing studies on the SRER and continue to cloud the
interpretation of these studies today. Soils and precipitation
regimes were known to influence the potential for recovery
from overgrazing and the ability of the vegetation to with-
stand grazing, concepts that became known as resilience
and resistance. Researchers discovered early on that the
elevational position on the SRER was directly related to
precipitation and vegetation potential. Canfield (1948) and
Reynolds (1954) organized this gradient into three units,
the foothill unit (4,000 to 5,000 ft), the mesa unit (3,000 to
4,000 ft), and the transition unit (below 3,000 ft). Most
subsequent grazing studies used similar distinctions as
blocks in experimental designs.

The amount of precipitation received during a particular
study was often the overriding influence on vegetation
responses. Additionally, they learned that the plant commu-
nity present at the beginning of a study also influenced the
effects of the grazing treatments imposed. The Martin and
Cable study (1974) began after the extremely dry seasonsin
1956-1957, which undoubtedly influenced vegetation at the
beginning of the study and, later, the subsequent treatment
effects. Conservative stocking and seasonal grazing treat-
ments were more likely to improve degraded plant commu-
nities, which were near water or in other areas of historically
heavy grazing, than those communities less impacted by
grazing. Species such as Rothrock grama and various three-
awn grasses consistently increased in density and produc-
tivity in response to seasonal rest, while other grasses did
not. The currentshiftto Lehmann lovegrass as the dominant
grass in some pastures has no doubt changed potential
ecosystem responses to grazing. Such factors continue to
confound landscape-level grazing studies, even those de-
signed as experiments with replicated pastures. Smaller
plot, controlled studies have become the standard for range-
land research. The value of large studies should not be
disregarded, however, and the SRER approach of combining
small plots and pasture-level treatments is relevant today.

There are four areas of grazing effects that were not
studied at the SRER and continue to be gaps in knowledge
that limit science-based management of Southwestern range-
lands. These are (1) riparian grazing, (2) combined pre-
scribed burning and grazing, (3) the impacts of grazing on
soils, and (4) grazing effects on endangered species. There is
little or noriparian vegetation on the SRER, hence there was
no opportunity to investigate this area. The impact of live-
stock grazing on endangered species has only recently
achieved recognition as an important research topic. The
SRER offers a particularly unique opportunity to investi-
gate the influences of grazing on the Corypanthascherrivar.

Table 4—Suggested grazing and rest schedules for the three-pasture Santa Rita grazing system (Martin 1973a).

Year 1 Year 2 Year 3
Novemberto Marchto Julyto November to  March to July to November to March to July to
February June October February June October February June October
Pasture 1 Rest Graze Graze Rest Rest Rest Graze Rest Rest
Pasture 2 Graze Rest Rest Rest Graze Graze Rest Rest Rest
Pasture 3 Rest Rest Rest Graze Rest Rest Rest Graze Graze
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robustinspina (Schott & Engelmenn) L. Benson (Pima pine-
apple cactus), listed as an endangered plant species.

Fire and grazing regimes were discussed for years, but
never actually applied to research designs due to logisticand
other practical reasons. In addition, the limited amount of
soils research is unusual. As described previously, the early
observers recognized that the native bunchgrasses formed
no sod, leaving the soil subject to trampling damage. Simi-
larly, the presence of “washed soils” was recognized (Griffiths
1901). These conditions presumably resulted in reduced
recovery and productive capacities compared to intact or
undisturbed soils, but such research was not forthcoming.

Future Research Direction

Over 25 years ago, Martin (1975a) recommended shifting
research emphasis from livestock production to using live-
stock as a tool to manage the range for stated objectives. He
also recognized the emerging importance of open space and
recreational opportunities and resource use demands from
an increasingly urban population. These research shifts
have never really occurred, yet the need for such information
remains critical.

The past has certainly set the stage for future range
livestock grazing research on the SRER. Existing, long-term
data sets are available for careful analysis of grazing pres-
sure gradients, including information from protected areas.
Large, pasture-scale grazing treatments should be contin-
ued, but with a more integrated approach to range livestock
production that considers vegetation and soil response,
ranch management requirements and economics, and the
role of ranching in planning and regulating urban growth.
Reductions in the number of treatments and herds to con-
solidate resources, a re-examination of stocking rates, as
well as the reinstitution of some of the traditional manage-
ment practices should be considered, including adjusting
animal numbers each fall, estimating annual utilization,
and keeping a record of individual animal production. The
potential for producing and marketing natural beef should
alsobeinvestigated. In addition, landscape-level analyses to
address questions about the sustainability of range livestock
grazing in terms of nutrient flows, site potential, and water-
shed processes remain a priority.

Summary and Major
Contributions

Research on the Santa Rita developed the concepts, meth-
ods, and tools to manage range livestock conservatively and
therefore sustainably. The studies conducted and experi-
ence gained on the SRER provided the philosophy and
working foundation for the Federal regulation of range
livestock management in the Southwest, especially by the
Forest Service. The research demonstrated that, if weather
conditions are at all favorable and mesquite overstory is not
a constraint, rangelands could recover from the effects of
overgrazing and even improve while being conservatively
grazed. Measurements of recovery included densities and
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productivity of palatable, native perennial grasses. In addi-
tion to precipitation and site potential, heavy stocking rates
were identified as drivers of ecological range condition and
livestock performance.

Seasonal rest, while considered important, actually proved
to be of secondary value. However, spring through summer
rest, for two years out of three was a deferred grazing system
that was recommended and demonstrated, most convinc-
ingly insmall plots, toimprove overgrazed vegetation. Using
this strategy in larger pastures, the most improvement that
was measured was in species such as Rothrock grama and
three-awn grasses rather than such midgrasses as Arizona
cottontop and sideoats grama. Empirical observations, how-
ever, indicate that these plants also benefit from seasonal
rest.

Recommended stocking rates for semidesert grasslands
developed from SRER research were approximately 90 per-
cent of average proper stocking based on 40-percent utiliza-
tion, calculated from a running 10-year average forage
production. It is interesting that, based on utilization sur-
veys in the SRER archives, these recommended use levels
never seemed to be achieved. Such conservative stocking
recommendations appear to be made in order to reduce
extremely heavy grazing in low forage production years and
allow the maintenance of a relatively stable base cow herd
over the long term. Of course, where Lehmann lovegrass
now dominates the herbaceous plant community, higher
stocking rates appear to be possible.

Utilization guidelines were shown to be just that, guide-
lines, and were never achieved every year. Many processes
combined to produce variability in utilization estimates.
Diet preference influenced degree of use on individual plant
species, and grazing pressure varied over time and space
resulting in uneven utilization patterns. Utilization levels
were consistently inversely proportional to forage produc-
tion even when livestock numbers were reduced to compen-
sate for years with low precipitation. To provide some unifor-
mity to the concept, utilization was estimated after the
grazing season or in June on yearlong ranges, at several
distances from water, and averaged over species, pasture,
and year.

After grazing resumed in 1914, the SRER was never
completely destocked, even during times of drought or in
periods of drought recovery. In fact it was thought by some
that ranges recovered more quickly under conservative
grazing than when completely protected from grazing.
SRER researchers recognized drought as a stocking rate
problem and adjusted livestock numbers as necessary to
accommodate reduced forage and to protect against eco-
logical deterioration.

In conclusion, the concepts, principles, and practices de-
veloped on the SRER continue to be applied by range man-
agerstoday. Much more is now known, of course, about plant
physiological responses to grazing, animal behavior, and
vegetation dynamics. However, it still behooves current
range managers to integrate the lessons of the past with the
knowledge of today as they continue the quest for sustain-
able rangeland livestock production that began on the Santa
Rita Experimental Range.
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Vegetation Management Practices:
Past and Present

Abstract: Improving management practices have been at the core of most research conducted in
the semidesert grass-shrub vegetation on the Santa Rita Experimental Range. Much of this
research has been directed to sustaining forage resources through proper livestock grazing and
controlling the invasion of competing woody plants, primarily mesquite. Both research orienta-
tions require an understanding of the basic ecological requirements and dynamics of the plant
species on the Experimental Range. Cattle grazing system based on seasonal grazing and periodic
rest periods have been able to improve the production and diversity of native perennial grasses.
Several methods have been successful in controlling the occurrence of mesquite and improving
forage production, although there is a growing acknowledgment that mesquite has a place on the
landscape. Research emphasis on the Santa Rita Experimental Range in the future is likely to be
placed more on evaluating the effectiveness of ecosystem-based, multiple-use vegetation manage-
ment practices that are ecologically sustainable and environmentally sound.
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Introduction

Semidesert grass-shrub vegetation is the characteristic plant cover of the Santa Rita Experimental Range. This vegetation
is similar to that occupying extensive acreage in the Southwestern United States, although its actual coverage is difficult to
quantify because of the historical and, to some extent, continuing invasion of woody vegetation onto adjacent grasslands. Semi-
desert grass-shrub vegetation is found between 3,000 and 5,000 ft (900 and 1,500 m) elevation within a strip 50 to 100 miles
(80 to 160 km) wide along the southern boundaries of Arizona, New Mexico, and western Texas (Martin 1975). The vegetation
below 3,000 ft (900 m) consists mainly of desert shrubs, while the vegetation above 5,000 ft (1,500 m) is chaparral, pinyon-
juniper or oak woodlands, or (on occasion) grassland. Vegetation on the Santa Rita Experimental Range is largely a microcosm
of that found on semidesert grass-shrub rangelands throughout the Southwestern United States.

Forage components on Southwestern semidesert grass-shrub vegetation have supported a livestock industry in the
Southwest since 1850 (Herbel 1979; Martin 1975; McPherson 1997; Sayre 1999), while the small trees have historically been
cut by local people for firewood, poles, posts, and corral rails (Conner and others 1990; Ffolliott 1999; Martin 1986,). However,
the primary land-use concern on these rangelands is no longer to simply graze livestock or occasionally cut trees for local use.
The emphasis in the future will likely be placed more on evaluating the effectiveness of ecosystem-based, multiple-use
management practices that are ecologically sustainable and environmentally sound.

Areview of past and present vegetation management practices on the Santa Rita Experimental Range and other semidesert
grass-shrub rangelands in the Southwestern United States is presented in this paper to show how the management emphasis
has changed through time and is likely to continue to change into the future. The literature forming the basis of this review
is not intended to be all inclusive, but rather it is representative of the historical knowledge base obtained on the Santa Rita
Experimental Range and other Southwestern semidesert grass-shrub rangelands.
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Vegetation Resources

The diversity of vegetation that is characteristic of semi-
desert grass-shrub rangelands is also found on the Santa
Rita Experimental Range (Humphrey 1953; Humphrey and
Mehrhoff 1958; Martin 1966, 1975, 1986a; Medina 1996;
Severson and Medina 1981). Herbaceous plants include a
variety of perennial grasses, forbs, and succulents. Annual
plants spring forth following rainfall events that are favor-
able to their germination. Woody vegetation on these range-
lands is dominated by small trees and medium to large
shrubs that are often a detriment to sustaining vigorous
stands of forage plants but can have value in themselves.

Herbaceous Vegetation

The composition and relative abundance of perennial
grasses on the Santa Rita Experimental Range change with
elevation and, therefore, temperature regimes and precipi-
tation amounts. Tall threeawns (Aristida hamulosa and A.
ternipes) are commonly found at all elevations. Santa Rita
threeawn (A. glabrata) and Rothrock grama (Bouteloua
rothrockii) are the major species in the middle and lower
elevations but are comparatively minor species above 4,000
ft (1,200 m). Other species of grama including black (B.
eriopoda), side oats (B. curtipendula), slender (B. filiformis),
sprucetop (B. chondrosioides), and hairy (B. hirsuta) com-
prise about two-thirds of the perennial grass stands at the
upper elevations. However, these latter species are com-
paratively scarce at the middle and lower elevations. Ari-
zona cottontop (Trichachne californica) is a common grass
throughout all of the elevations on the Experimental Range.
Other species include, but are not limited to, tanglehead
(Heteropogon contortus), bullgrass (Muhlenbergiaemersleyi)
and bush muhly (M. porteri), slim tridens (Tridens muticus)
and fluffgrass (T. pulchellus), and curlymesquite (Hilaria
belangeri).

Lehmann lovegrass (Eragrostis lehmanniana), an aggres-
sive species that was introduced into the Southwestern
United States from South Africa in 1913, is the dominant
grass on about 40 percent of the Santa Rita Experimental
Range. This plant is especially well adapted to the climatic
patterns and edaphic conditions of southeastern Arizona
(Cable 1971; Cox and Roundy 1986; EImi 1981; Giner-
Mendoza 1986; Martin 1986a; Nascimento 1988). It thrives
atelevations where annual rainfall amounts vary from 10 to
15 inches (250 to 380 mm) and on sites with a dominance
of sandy to sandy-loam soils (Ruyle and Cox 1985). Fac-
tors that have contributed to the spread of Lehmann
lovegrass include fire, excessive livestock grazing, and
drought conditions.

Among the forbs commonly found on the Santa Rita
Experimental Range are alfileria (Erodium cicutarium),
pink penstemon (Penstemon parryi), lupine (Lupinus spp.),
bladderpod (Lesquerellagordonii), and goldpoppy (Eschscholt-
zia spp.). Succulents on the Experimental Range include
cholla (Opuntia fulgida, O. spinosior, and O. versicolor) and
prickly pear cactus (O. engelmannii).

Annual plants become most abundant on sites with light
to moderate densities of perennial grasses and where native
grasses are able to persist within a cover of Lehmann
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lovegrass (Medina 1988). Spring annuals dominated largely
by a variety of legumes, crucifers, and borages are found in
years when the cool-season rainfall is high. The most com-
mon summer annual grasses are needle grama (B.
aristidoides) and six-week threeawn (A. adscensionis).

Woody Vegetation

Woody vegetation on the Santa Rita Experimental Range
and other semidesert grass-shrub rangelands is dominated
by stands of mesquite (Prosopis velutina). (While the tax-
onomy of Prosopis undergoes almost constant revision
[Burkart 1976; Ffolliott and Thames 1983; Martin 1986b;
Hocking 1993], it is not a purpose of this paper to clarify or
update the classification on Prosopis species.) Mesquite
occupies two general types of habitat in the Southwestern
region (Conner and others 1990; Martin 1980, 1986b). Tree
forms of mesquite tend to grow along riparian (streamside)
corridors, while shrub forms typically occupy dry upland
sites. Other frequently encountered woody species include
acacia (Acacia greggii and A. angustissima), mimosa (Mi-
mosa biuncifera and M. dysocarpa), false mesquite
(Calliandra eriophylla), burroweed (Haplopappus tenuisec-
tus), creosote bush (Larreatridentata), and ocotillo (Fouquieria
splendens). Scattered paloverde (Cercidium microphyllum)
trees are found along drainages.

More complete listings of the herbaceous and woody plant
species on the Santa Rita Experimental Range and other
semidesert grass-shrub rangelands of the Southwestern
region are found in Little (1962), Martin (1966, 1975),
Kearney and Peebles (1969), Eyre (1980), Severson and
Medina (1981), and Medina (1996).

Vegetation Site Complexes

Major vegetation site complexes on the Santa Rita Experi-
mental Range are listed in table 1. The Prosopis-Opuntia-
Haplopappus complex is the most extensive. Itis known that
changes in vegetative structure have occurred since the
Experimental Range was established (Cable 1976; Humphrey
and Mehrhoff 1958; Martin 1970, 1975, 1986a; Martin and
Turner 1977; Medina 1996). For example, mesquite has
invaded nearly 30,000 acres (12,150 ha) of previously shrub-
free grassland on the Experimental Range in the past 100
years. However, while the information presented in table 1
represents a “snapshot” of the conditions 30 years ago, it is
assumed to reflect the present situation largely because of
the curtailment in large-scale mesquite removals.

Management of Herbaceous
Vegetation

Depending on the inherent site conditions and prevailing
rainfall patterns, annual herbage production (standing bio-
mass) on semidesert grass-shrub rangelands, such as found
on the Santa Rita Experimental Range can vary from less
than 1,000 to over 1,500 pounds per acre (1,125 to over 1,675
kg per ha). However, the herbage production on a site can be
reduced to significantly lesser amounts by overstories of
woody plants that compete with the herbage for the often
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Table 1—Major vegetation-site complexes on the Santa Rita Experimental Range?.

Dominant shrubs Annual rainfall Elevation Major grass genera Major soil groups Slope
inches feet percent
None (Prosopis has been killed) 15to 17 4,100 to 4,500 Bouteloua, Whitehouse 5to 15
Aristida, Caralampi 10 to 40
Trichachne Comoro 0to 10
Prosopis, 10to 13 2,900 to 3,500 Aristida, Anthony 0to5
Haplopappus, Bouteloua, Sonoita 1to8
Opuntia Trichachne
14 to 17 3,500 to 4,200 Bouteloua, Comoro Oto3
Aristida, Sonoita 1to8
Trichachne, Whitehouse 10to 35
Heteropogon
Fouquieria, 12 to 15 3,400 to 3,800 Bouteloua, Whitehouse 5to0 10
Calliandra Aristida,
Heteropogon
Larrea 12 3,100 to 3,300 Muhlenbergia, Anthony 0to5
Tridens
Acacia, 12 to 14 3,100 to 3,800 Bouteloua, Bernadina 21030
Opuntia, Hilaria, Hathaway 21030
Fouquieria Aristida,
Trindens

aSource: Martin and Reynolds (1973).

limiting soil water and essential nutrients. Competitive
relationships between herbaceous and woody vegetation are
generally characteristics of forest, woodland, and shrubland
ecosystems (Bartlett and Betters 1983; Ffolliott and Clary
1982). That is, as one form of vegetation (woody plants)
increases in its occurrence, the other form of vegetation
(herbage) decreases. Such competitive relationships occur
on the Santa Rita Experimental Range and other semidesert
grass-shrub rangelands (Cable 1969; Cable and Martin
1964; Kincaid and others 1959; Martin 1963, 1970; Martin
and Cable 1962; Parker and Martin 1952; Patten 1978;
Reynolds and Tschirley 1963, 1975; Tiedemann and
Klemmedson 1971, 1977). Knowledge of these relationships
is necessary in estimating the amount of forage that might
be available for livestock production on rangelands with
woody vegetation.

Proper management of herbaceous (forage) vegetationisa
crucial factor for sustaining livestock production on semi-
desert grass-shrub rangelands, which is often a primary
management goal in the Southwestern region. Among the
issues that a manager must confront in meeting this goal are
selecting the type of livestock that are suitable to the condi-
tions encountered, designating the proper stocking rates for
the rangeland, and implementing the livestock grazing
systems that will sustain the forage resources at the desired
level of production while maintaining a “healthy” rangeland
condition. Forage management practices that are often
implemented to sustain or, where feasible, increase this
limiting resource include the control of competing woody
vegetation, elimination of undesirable herbaceous plants,
and seeding of selected forage species. Other management
activities that can lead to sustaining or enhancing forage
resources (but will not be addressed in this paper) are
fencing to control livestock movements, constructing stock
tanks and developing other water sources, and placing salt
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or salt-meal blocks at strategic locations to attain better
distributions of livestock on the rangeland (Heitschmidt and
Stuth 1991; Holechek and others 2001; Jemison and Raish
2000; Stoddart and others 1975; Vallentine 2001).

Sustaining Forage Resources
Through Livestock Grazing

Cattle are better suited to graze on semidesert grass-
shrub rangelands than sheep or goats because they require
less managerial effort (herding) than other kinds of live-
stock, and they compete less directly with indigenous wild-
life for forage resources (Bohning and Martin 1956; Culley
1947; Gamougoun 1987; Herbel 1979; Martin 1966, 1975).
Therefore, cattle have been and continue to be the primary
type of livestock that graze on the Santa Rita Experimental
Range.

A “rule of thumb” for specifying the stocking rate of cattle
for a semidesert grass-shrub rangeland to maintain or,
where possible, improve the rangeland condition is the
number of cattle that will utilize about 40 percent of the
perennial grasses produced in an “average” year. This stock-
ing rate varies with the rangeland condition and must be
adjusted up or down depending on the trend in rangeland
condition. The estimated average yearlong stocking rates for
cattle on the Santa Rita Experimental Range are shown in
table 2. According to Martin (1975), the stocking rates that
are presented in this table also apply to the entire spectrum
of semidesert grass-shrub rangelands in the Southwestern
region and the rangeland conditions encountered.

Yearlong grazing has historically been the most common
grazing system on semidesert grass-shrub rangelands. Un-
fortunately, this grazing system can result in “excessive”
forage consumption in areas where cattle concentrate, and
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Table 2—Estimated average yearlong stocking rates of cattle by rangeland condition class for the Santa Rita Experimental Range and other

semidesert grass-shrub rangelands in the Southwestern Region?.

Rangeland condition class

Elevation Precipitation Very poor Poor to fair Good to excellent
animals acres per animals acres per animals acres per
feet inches per m? animal per mi? animal per mi# animal
4,000 to 5,000 16+ <12 >50 15t0 18 35to 45 2810 25 25t035
3,300 to 4,000 12to0 16 <6 >100 6to 12 50 to 100 12to 16 40 to 50
<3,300 <12 <4 >160 4106 100 to 160 6 to 10 60 to 100

aSource: Reynolds and Martin (1968).

“wasted” forage resources on sites where cattle seldom
graze (Cable and Martin 1975; Herbel 1979; Martin 1972,
1975; Martin and Ward 1976; Reynolds 1959). Yearlong
grazing can also lead to the inequitable use of forage species
among the available forage species, with “favorite species”
grazed more closely and more often than those species that
are less palatable. Because of these and other drawbacks,
the sustainability of the forage resources is difficult to attain
onmany semidesert, grass-shrub rangelands whenyearlong
grazing is practiced. As a consequence, several alternatives
to yearlong grazing have been proposed, tested, and imple-
mented in attempting to better sustain the forage resources
on these rangelands. These alternatives include seasonal
(spring) grazing systems, rest-rotational systems, high-in-
tensity short-duration grazing systems, and variations and
combinations of these systems.

The so-called “Santa Rita three-pasture” system of cattle
grazing has evolved on the Experimental Range. Each unit
of the three-pasture system is rested from March through
October (spring-summer) in 2 out of 3 years (Martin 1973,
1975, 1978; Martin and Severson 1988; Rivers and Martin
1980). Winter grazing (November to February) takes place
between two successive March-to-October rest periods. Tram-
pling by cattle in the winter helps to plant seeds in the soil,
and grazing of the older forage allows seedlings of intolerant
forage species a better chance of becoming established. The
system’s grazing schedule provides 12 months of rest imme-
diately before each period of spring-summer grazing and, as
aconsequence, the system is planned to reduce the intensity
of grazing and regrazing of “favorite forage plants” in the
spring. The Santa Rita three-pasture system is more flexible
in its implementation and management than other grazing
systems tested on the Experimental Range because depar-
tures from the pre-established livestock grazing schedule
are permitted if it becomes necessary to sustain the forage
resource. Cattle are normally moved twice (November 1 and
March 1), although they can be moved to the next pasture
ahead of the scheduled time if the forage resource on the
grazed pasture is inadequate. Therefore, a forage shortage
tends to speed up the grazing cycle, although the “normal
schedule” is resumed as soon as possible thereafter. Aforage
surplus can allow an extra rest period to be scheduled.

A comprehensive paper on grazing systems and livestock
production on the Santa Rita Experimental Range and other
semidesert grass-shrub rangelands in the Southwestern
United States is found elsewhere in these proceedings.
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Control of Competing Woody Vegetation

Several factors have been identified by researchers as
being responsible for the invasion of mesquite and other
unwanted woody vegetation onto the Santa Rita Experimen-
tal Range and other semidesert grass-shrub rangelands in
the past 100 years (Fisher and others 1973; Herbel 1979;
Martin 1975; McPherson 1997). The consensus of these
researchers is that grazing cattle have likely been the most
dominant of these factors. Grazing cattle can spread the
seeds of these woody plants by consuming them with many
seeds, and then passing them through their digestive tract
and depositing them on the ground as they graze. Cattle
have further contributed to this invasion by “weakening”
stands of native grasses by their past overgrazing patterns,
which in turn fostered the spread of woody vegetation.
Excessive overgrazing practices of the past also contributed
to the invasion of woody plants by reducing the buildup of
fuels necessary for the occurrence of rangeland fires that
helped to control this invasion.

Semidesert grass-shrub rangelands infested with mes-
quite and other woody plants can often be restored to a
comparatively high level of forage productivity if the com-
peting woody overstory is removed. Among the methods that
have been tested and, on occasional, operationally imple-
mented for this purpose are controlled burning treatments
(Cable 1967; Reynolds and Bohning 1956); applications of
herbicides (Cable 1971, 1972b, 1976; Cable and Martin
1975; Cable and Tschirley 1961; Martin 1968; Martin and
Cable 1974); hand grubbing, root plowing, cabling or chain-
ing, or other mechanical treatments (Martin 1975; Reynolds
and Tschirley 1963); and varying applications of fire, herbi-
cides, and mechanical control methods in combination (Mar-
tin 1975; Martin and others 1974; Medina 1996). The envi-
ronmental concernsof the publicand regulations of rangeland
management agencies are restricting or, in some case, pro-
hibiting the use of some of these control methods, especially
those involving applications of herbicides.

Followup treatments have often been necessary with
some of these control methods to sustain the observed
increase in production of forage vegetation. For example, the
removal of mesquite trees with a power saw with control of
post-treatment sprouting by handsawing has recently been
attempted with some success (Pease and others 2000).
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Elimination of Undesirable Herbaceous
Plants

There have been a few “exploratory investigations” of
methods that can lead to the elimination of undesirable
(noxious) herbaceous plants to favor the establishment and
increase the production of “more favored” forage plants.
Avrtificial shade has been shown to favor the development of
Arizona cottontop, bush muhly, plains bristlegrass (Setaria
macrostachya), and other forage species that are adapted to
shade (Tiedemann and others 1971). Limited tests have
indicated that pre-emergence winter applications of herbi-
cides (dicamba, glyphosate, and picloram) to eliminate un-
desirable annual plants are largely ineffective. On the other
hand, summer herbicidal treatments (atrazine, dicamba,
and tebuthiuron) can be effective in eliminating some spe-
cies of competing annuals (Al-Mashhdany 1978). The re-
moval of competing herbaceous plants by clipping their
previous summer’s biomass has resulted in increased pro-
duction of sideoats grama (de Andrade 1979). However, most
of the methods that might eliminate undesirable or compet-
ing herbaceous plants have not been applied on a large-scale
basis because of economic and environmental considerations.

Seeding of Forage Species

Forage production has been improved on the Santa Rita
Experimental Range by the seeding of selected forage spe-
cies, with the seeding of perennial grasses preferred to
seeding of other plants in most instances. The results of
early, often small-scale investigations of seeding experi-
mentswere summarized by Glendening (1937a,b,c, 1939a,b,
1942) and other researchers. Later studies considered the
respective roles of site quality, rainfall amount and timing,
and other factors that might affect seeding success in more
detail (Anderson and others 1957; Medina 1996). Level sites
with deep, fertile, medium-textured soils that are able to
maintain moisture levels conducive to plant survival have
been determined to be the best candidates for seeding. Other
research efforts examined the relative successes of alterna-
tive seeding methods (Cox and Martin-R 1984; Cox and
others 1986), varying site preparation techniques (Slayback
and Cable 1970), and applications of fertilizers to alleviate
nutrient deficiencies (Holt and Wilson 1961; Martin 1975).
It has been generally concluded that successful seeding of
forage species requires continual control of the competing
vegetation and that cattle grazing be closely controlled or
excluded from the seeded rangeland.

A more detailed paper on seeding techniques and their
comparative successes and other revegetation practices that
have been tested on the Santa Rita Experimental Range to
improve forage production is presented elsewhere in these
proceedings.

Impacts of Fire

The historical impact of fire on the vegetation of semi-
desertgrass-shrub rangelandsisunclear. Early photographs
of the Santa Rita Experimental Range show extensive grass-
land communities free of trees and shrubs that are currently
dominated by woody overstories with perennial grasses and
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other herbaceous plants in the understories. According to
researchers, this change has likely come about because of a
lack of naturally occurring wildfire toburn freely in the more
recent years. Wright (1980, 1990) and others believe that
occasional fires in combination with cycles of drought played
a significant role in controlling the establishment of small
trees and shrubs and, therefore, kept the rangelands as
predominately grassland ecosystems. Thissituationchanged
with enforcement of the fire suppression policies established
by the Southwestern Region’s management agencies in the
1900s. The wildfire frequencies of 5 to 10 years that were
commonly encountered before 1900 have lengthened to 25
years and longer (Kaib and others 1999; Swetnam and
Baisan 1996), with this change attributed largely to the
implementation of these fire suppression policies and changes
in land-use practices in the region.

Much of the controlled burning that has occurred on the
Santa Rita Experimental Range since its establishment had
been prescribed to Kill or control the woody vegetation that
was competing with forage vegetation for the limited soil
moisture available for plant growth. Both early-season and
late-season burning treatments have been tested for this
purpose with varying results. Small trees and shrubs appear
to be susceptible to early-season burning. Herbaceous spe-
cies such as Lehmann lovegrass and Santa Rita threeawn
seem to survive early-season burning very well; Arizona
cottontop, Rothrock grama, and tanglehead survives inter-
mediately well; and black grama and tall threeawns are
easily damaged by fire (Cable 1965, 1967, 1972a; Glendening
and Paulsen 1955; Martin, 1975; Reynolds and Bohning
1956; White 1969). Late-season burning has also resulted in
the killing of smaller mesquite trees, many other woody
plant species, and cacti. Lehmann lovegrass often eventu-
ally increases following a late-season fire with most of the
other perennial grass species not greatly affected (Humphrey
and Everson 1951; Martin 1983; Humphrey 1963, 1969).

The “immediate effects” of prescribed burning treatments
on herbaceous (forage) vegetation of semidesert grass-shrub
rangelands can be relatively short lived. The postfire status
of perennial grasses often lasts 1 or 2 years, while small trees
and shrubs might be easily topkilled by burning but come
back quickly unless they are also rootkilled by the fire (Cable
1967; Cave and Patten 1984; Martin 1975; McLaughlin and
Bowers 1982; Robinett 1994; Robinett and Barker 1996;
Rogers and Vint 1987; Ruyle and others 1988; Sumrall and
others 1990). Most burning treatments favor plant species
that can survive the fire or quickly reproduce themselves
from seed or sprouts after the fire. Selective prescribed
burning treatments at specified intensities and suitable
intervals that are scheduled in combination with other
rangeland improvement methods are generally necessary to
achieve the desired results (Wright 1980, 1990).

The effects of fire on the vegetation of semidesert grass-
shrub rangelands are species specific, season specific, and
site specific. Many fire-adapted species, both herbaceous
and woody, have achieved dominance on these rangelands
because of mechanisms that enable them to survive burning
(table 3). However, the traits that might enhance a plant’s
success for survival in the presence of fire can also enhance
the plant’s success in the presence of other stressful environ-
mental factors (McPherson 1995). Therefore, caution must
be exercised in interpreting the stimulus for these adaptive
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Table 3—Mechanism of plants at different life stages that enable them to survive fire2.

Life stage General response Mechanisms
Seeds Avoidance Burial
Resistance Insulative seed coat; protective tissue around fruit
Stimulus Increased germination; mortality of established neighbors
Juveniles Avoidance Rapid growth to resistance (protected) size
Resistance Aboveground buds protected by insulative plant tissue; belowground buds protected by soil
Stimulus Rapid growth of resprouts
Adults Avoidance Life cycle shorter than fire-return interval; flowing and fruiting phenology out of phase with
fire season; suppression of understory fine fuel production
Resistance Thick, platy, corky, fissured bark; aboveground buds protected by insulative plant tissue;
belowground buds protected by soil
Stimulus Rapid growth of resprouts; fire-obligate flowering; increase flowering (?)

aSource: Steuter and McPherson (1995).

traits. Plant species are usually most susceptible to fire
damage when they are actively growing and tolerant of fire
when they are dormant.

Management of Woody
Vegetation

This discussion centers largely on the management (or
lack thereof) of mesquite trees and shrubs because of the
dominance of this species in the woody overstory on the
Santa Rita Experiment Range. Mesquite is a plant of often
conflicting values. Mesquite is often associated with nitro-
gen-fixing Rhizobia bacteria, which results in higher nitro-
gen levels in the soil beneath the tree canopies (Geesing and
others 2000; Wilson and others 2001). It has been and
continues to be a source of wood, chemicals and, on occasion,
feed for ruminants. It also provides shade for people and
their livestock on sites where there is little other shade
available. But, as already mentioned in this paper, many
ranchers view mesquite as a threat to livestock production
because of its aggressive spreading onto otherwise produc-
tive semidesert grass-shrub rangelands (Glendening 1952;
Herbel 1979; Martin 1975, 1986a; McPherson 1997; Parker
and Martin 1952; Tschirley 1959). In spite of the efforts
made to control this spread, the invasion of mesquite re-
mains a problem of significant proportions on some range-
lands. Compounding this problem is the need to also accom-
modate other benefits of semidesert grass-shrub rangelands
in the Southwestern Region, including watershed protec-
tion, wildlife habitats, and recreation, in planning for mes-
quite control or harvesting activities.

Stand, Stocking, and Growth
Characteristics

Mesquite trees up to diameters of 12 to 30 inches (30 to 76
cm) and heights of 20 to 50 ft (6 to 15 m) can form nearly pure
even- or uneven-aged stands in habitats of favorable soil
moisture conditions. Although mesquite is designated a
“forest type” by the Society of American Foresters (Martin
1980), per-acre values of stand, stocking, and growth char-
acteristics thatare commonly used to characterize a forestor
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woodland type have little meaning because of the high
variability in these characteristics in stands of mesquite
trees. Investigators in one study on the Santa Rita Experi-
mental Range reported an average of about 85 mesquite
trees per acre (about 200 mesquite per ha), but only about 60
percent of the sample plots in the study were stocked with
mesquite trees (DeBano and others 1996).

Most of the volume of mesquite trees is contained in the
large and mostly scattered single-stem trees along drain-
ages, with less volume in the smaller mesquite trees and
shrubs occupying the upland sites. Growth of mesquite trees
is slow, with annual growth rates averaging less than 0.5
percent of the standing volume in most stands (Chojnacky
1991; Ffolliott 1999). Assuming that the dominant woody
plants are mesquite trees, and using this species as a “proxy”
for all of the trees growing on a site, the annual growth rate
of the assemblage of trees found on semidesert grass-shrub
rangelands can vary from less than 0.5 to 1.5 ft3 per acre
(0.35t01 m? per ha). Natural mortality of these trees prior
to their decadence is also comparatively low.

Wood Production

The wood of mesquite trees has been historically used for
a variety of purposes by people of the Southwest. Many of
these uses originated with the American Indian, passed onto
the Mexican, and then the American pioneers from the
Eastern United States. Exploring the potentials of mesquite
trees as a wood source for future uses continue. Mesquite
wood inherently has a high calorific value (Ffolliott 1999;
Hocking 1993; National Academy of Science 1980), making
it a valuable firewood resource. It also makes excellent
charcoal. Wood of mesquite is physically strong and durable
and, as a consequence, has been and continues to be utilized
locally for poles, posts, and corral rails (Ffolliott 1999).
Mesquite wood is hard and has a beauty of grain and color
that also makes it suitable for processing into furniture,
parquet flooring, and miscellaneous novelties.

Efficiently harvesting mesquite trees is one of the main
problems that has limited its more widespread use for
timber, firewood, and chemical products. The type of har-
vesting equipment that is available for felling, grappling,
and hauling larger trees of more “commercial value” is not
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always economically or environmentally suitable for har-
vesting the relatively small and characteristically multi- and
crooked-stemmed mesquite trees. Nevertheless, there are a
few small wood processing industries in the Southwestern
United States that are dependent on harvesting mesquite
trees as a primary wood source in their operations.

Management Practices

Management of mesquite trees for sustainable wood pro-
duction has not been a main focus of the past or present
management activities on the Santa Rita Experimental
Range or other semidesert grass-shrub rangelands in the
Southwestern Region. However, mesquite trees continue to
gain attention for crafting woodworking and a product for
grilling gourmet food, and, therefore, could represent a
valuable resource in the future. As a consequence, there is a
need to better “manage” rather than “mine” the mesquite
resources in the region. Appropriate management guide-
lines for this purpose have been generally lacking in the
past, although this situation is changing.

More accurate estimates of the volume of mesquite trees
that are potentially available for wood products are being
obtained (Andrews 1988; Chojnacky 1988; O'Brien 2002) to
provide a better basis to prescribe management practices
and, where appropriate, harvesting schedules to balance
volume removals and growing-stock levels. Whole-stand
growth and volume simulation (prediction) models depicting
the difference of stand volumes at two selected points in time
to estimate growth are also available (Chojnacky 1991).
While regeneration and other ingrowth components of mes-
quite stands are still largely missing in these models, simu-
lations of mesquite growth rates for alternative manage-
ment practices can be made for selected 10-year planning
periods. Culmination of mean (average) annual growth
increments of mesquite trees on the Santa Rita Experimen-
tal Range suggests a “biological” rotation age of about 45 to
50 years. However, the profits (returns less costs) obtained
from harvesting mesquite trees for primary wood products
are likely to be maximized earlier.

Silvicultural Prescriptions

Silvicultural prescriptions for mesquite stands are incom-
plete. But, because of its ability to regrow (sprout) following
cutting, silvicultural treatments based on coppicing (which
is the regeneration of stump sprouts or root suckers) might
be feasible on sites supporting mesquite stands such as those
on the Santa Rita Experimental Range. Therefore, the
reproduction of mesquite trees based on vegetative strate-
gies could be possible (Ffolliott 1999; Ffolliott and others
1995). Artificial propagation depending on seeding or seed-
ling establishment is more difficult and probably not eco-
nomically or environmentally feasible for mesquite on most
semidesert grass-shrub rangelands.

Felker (1998) recommended that mesquite trees on South-
western rangelands be managed for the production of high
quality wood within a silvopastorial (trees and livestock)
agroforestry system that retains a number of selected crop
trees within a pasture. A spacing of 30 to 35 ft (10 to 10.5 m)
between the crop trees should result in optimal yields
(Felker and others 1990).
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Impacts of Fire

Fire has played a historical role in determining the status
of mesquite trees and shrubs on the Santa Rita Experimen-
tal Range and other semidesert grass-shrub rangelands
(Blydenstein 1957; Cable 1965; McLaughlin and Bowers
1982; McPherson 1997; Reynolds and Bohning 1956; Rogers
and Steele 1980; Womack 2000; Wright and others 1976).
The mostly lightning-ignited and often uncontrolled fire of
the past helped to slow the invasion of mesquite onto semi-
desert, grass-shrub rangelands. However, the slowing of
mesquite invasion by occurrences of wildfire largely ended
with the initiation of aggressive fire suppression policies by
management agencies in the early 1900s. Many of these
policies remain in effect, although there is increasing inter-
est by managers, ranchers, and other stakeholders in rein-
troducing fire into Southwestern ecosystems.

Mesquite can also be adapted to fire depending on the
fire's intensity. For example, it was found that an illegally
set fire (of unknown burning intensity) on the Santa Rita
Experimental Range only killed 30 percent of the mature
mesquite trees and reduced residual stocking by only 10
percent because over 70 percent of the trees initially dam-
aged by the fire resprouted by 18 months after the fire
(DeBano and others 1996).

Prescribed burning treatments that are planned to be low
in intensity and limited in extent are rarely successful in
effectively controlling the establishment of dense stands of
mesquite on semidesert grass-shrub rangelands because of
the frequent lack of sufficient fuel loads to carry the fire
(Ffolliott 1999; Martin 1973, 1975). Furthermore, a fire that
is “hot” enough to kill mesquite is likely to also Kill the
understory grasses and other forage species.

Other Woody Species

The use of other tree species on the Santa Rita Experimental
Range and other semidesert grass-shrub rangelands for
wood production has not often been a planned management
activity. One occasional exception to this situation has been
when the trees have been mechanically uprooted or killed by
herbicides in conversion treatments to improve forage pro-
duction and are then “salvaged” for firewood by local people
(Ffolliott and others 1979, 1980).

Vegetation Management for Other
Purposes

The vegetation on the Santa Rita Experimental Range
and other semidesert grass-shrub rangelands in the
Southwestern region has values other than livestock forage
or wood production (Ffolliott 1999; Germano and others
1983; Martin 1986b; McPherson 1997). This vegetation
furnishes needed food and protective cover for a variety of
mammals, avifauna, and herpetofauna. Many of these wild-
life species are indigenous to semidesert grass-shrub range-
lands, others are transitory, and some are threatened, en-
dangered, or sensitive.

Ethnobotanists are continually locating indigenous plant
species that had been used by historic peoples, which are
then studied, developed, and when they have proven value,
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incorporated into “modern” food and fiber products of value
to people. Organic agriculture enterprises often develop
with these native plants furnishing a basis.

Overland flows of surface runoff, when they occur, are
lower in velocity and, therefore, are less erosive when these
rangelands have a*“good protective cover” of perennial grasses
and other herbaceous plants than on rangelands with a
sparse vegetative cover. As a result, maintaining a protec-
tive cover of vegetation helps to mitigate the losses of soil to
the erosive actions of water and wind on sites susceptible to
these losses. Therefore, good rangeland management is also
good watershed management.

Semi-desert grass-shrub rangelands are important to
hunters, hikers, and birdwatchers. They possess unique
landscapes of vegetation and topography that appeal to local
residents and visitors alike.

Summary

Southwestern semidesert grass-shrub rangeland vegeta-
tion has historically supported a livestock industry and been
a source of limited wood for a variety of mostly local uses.
However, the review of past and present vegetation manage-
ment practices tested on the Santa Rita Experimental Range
and implemented on other semidesert grass-shrub range-
lands presented in this paper suggests that the diversity of
vegetation on these rangelands has values other than only
forage or wood production. This vegetation furnishes food
and protective cover for a variety of desert-dwelling wildlife
species; provides a protective cover to mitigate the losses of
soil resources; and isavaluable backdrop to hikers, campers,
and other recreationists. Future management emphasis for
this vegetation, therefore, is likely to be placed more on
evaluating the effectiveness of ecosystem-based, multiple-
use management practices that are ecologically sustainable
and environmentally sound. A presentation on the future of
the Santa Rita Experimental Range and other semidesert
grass-shrub rangelands in the Southwestern United States
is found elsewhere in these proceedings.
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Abstract: The Santa Rita Experimental Range (SRER), established in 1903, is a natural
laboratory used to better understand desert grasslands. We reviewed the literature to summarize
studies that have been conducted on wildlife at SRER from 1903 to 2002 and to provide
recommendations on expanding contemporary research at SRER. Research related to wild
vertebrates has been limited to a few studies of reptiles, avifauna, and mammals. Mammalian
studies were dominated by rodent research. Peer-reviewed publications dominated the references
(n=45), followed by technical bulletins (n =12), theses (n =9) and dissertations (n =9), conference
proceedings (n=3), reports (n =3), and other (n = 3). Although research on wildlife has been limited
(about 0.8 publications per year) from 1903 to 2002, several works were landmark studies that led
the way for future work (for example, water requirement studies, life history studies of small
mammals, studies of coyotes, and disease studies). There has not been a concentrated effort to
continue wildlife research at SRER, and since 1983, only five manuscripts have been published.
We recommend that land managers and administrators initiate inventory and monitoring of all
vertebrates on SRER to gather new knowledge, to quantify abundance trends, and to assist with
resource research and management.

Acknowledgments: Y. Petryszyn and J. A. Bissonette reviewed this manuscript. Funding to
conduct the review was provided by the School of Renewable Natural Resources and the Arizona
Agricultural Experiment Station, University of Arizona, Tucson.

Introduction

The Santa Rita Experimental Range (SRER) was established in 1903 as a natural laboratory to better understand arid
rangelands. It is the oldest research area maintained by the USDA Forest Service. Although it was established as a research
site for range improvement in the Southwestern United States, only limited research has been directed toward wildlife. The
history of SRER, location, and mission are outlined by Medina (1996). The purpose of our paper is to summarize the work that
has been conducted at SRER on wild vertebrates, indicate the role those studies have on a better understanding of wildlife
ecology and management, and make recommendations for the future.

We obtained information from the University of Arizona’s digital archive (ag.arizona.edu/SRER), Medina’s bibliography
(1996), and literature searches conducted at the Science Library, University of Arizona. Most of the archival data supported
the published material and was not referenced again.

Although the SRER was established in 1903, it was nearly 2 decades before the first manuscript related to wildlife was
published (Vorhies and Taylor 1922). In the subsequent 5 decades there were approximately 10 publications per decade. In
the eighth decade of SRER (1973 to 1982), the number of publications peaked at 25. Since 1983, only five publications have
been produced and more than 5 are in press or in preparation. We are unaware of ongoing research on wildlife at SRER.

Although wildlife research has been limited (about 0.8 publications per year) at SRER over the past 100 years, much of the
work published are landmark studies that created a framework for future studies, were classical works that are still used as
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reference sources, provided data that are applicable to
wildlife in arid regions worldwide, or were part of larger
studies toexamine disease in desert mammals. Each of these
appeared to be initiated by individuals who were aware of
the SRER instead of any unified effort by SRER administra-
tors to direct wildlife research. For example, the early life
history studies were conducted by U.S. Biological Survey
biologists; the water-balance work, most coyote and rodent
studies, and disease studies were directed by scientists
affiliated with universities. Because of the location of SRER
to the University of Arizona, it would be valuable to begin a
research program with more direction in the next 100 years
to maximize our ability to learn and provide more and better
information related to how wildlife influences grasslands
grazed by livestock and vice versa. The wildlife research
conducted over the past 100 years has been limited to a few
studies of reptiles, avifauna, and mammals (dominated by
rodents). Peer-reviewed publications dominated the refer-
ences (n =45), followed by technical bulletins (n =12), theses
(n =9), dissertations (n = 9), conference proceedings (n = 3),
reports (n=3), and other (references in books, popular papers,
and mimeographs) (n = 3). In addition, projects were con-
ducted by mammalogy students from the University of
Arizona as part of class requirements (Mammal Museum,
University of Arizona, Tucson). The wildlife research is
categorized as related to reptiles, avifauna, and mammals.

Reptiles

Reptiles received the least amount of attention by ecolo-
gists at SRER. A distribution of rattlesnakes was based on
40 records of diamondbacks (Crotalus atrox Baird and
Girard), sixrecordsof tiger rattlesnakes (C. tigris Kennicott),
seven records of Mohave rattlesnakes (C. scutulatus
Kennicott), and nine records of blacktailed rattlesnakes (C.
molossus Baird and Girard). Diamondbacks ranged from
anelevation of 854 to 1,220 m. Mohave rattlesnakes ranged
from an elevation of 854 to 1,373 m, and blacktails were
found in canyons from 1,281 to 1,464 m. The distribution of
tiger rattlesnakes overlapped the distribution of all the
other rattlesnakes (Humphrey 1936).

As mesquite was cleared from SRER in various treat-
ments, the Sonora spotted whiptail (Cnemidophorus sonorae
Lowe and Wright) was more abundant than in areas that
contained undisturbed mesquite and mesquite with irregu-
larly shaped clearings (Germano 1978; Germano and
Hungerford 1981). The studies of Germano (1978) and
Germano and Hungerford (1981) were pioneer studies in
considering reptiles in landscape management plans in the
Southwest.

Avifauna

Studies of birds at SRER were limited, and seven of the 13
published works were related to quail. The other six articles
included short notes on the first record of the pectoral
sandpiper (Calidris melanotos Vieillot) for Arizona (Vorhies
1932), the life history and diurnal activity of the roadrunner
(Geococcyx californianus Lesson) (Calder 1968a,b), and diet
and nesting data for 20 to 55 Sonoran Desert birds (Russell

60

Wildlife Ecology and Management, Santa Rita Experimental Range (1903 to 2002)

and Gould 1974; Russell and others1972,1973) on a 20.3-ha
study plot in SRER.

Studies of quail included water requirements, productiv-
ity, diets, and life history traits (Gorsuch 1934). Whether or
not water supplied for wildlife influences populations has
been debated for years (Grinnell 1927; Rosenstock and
others 1999; Vorhies 1928). The controversy began over 50
years ago when biologists in Western States began to supply
water for game birds (MacGregor 1953). The first studies to
examine the response of Gambel's quail (Callipepla gambelii
gambelii Gambel) to water sources provided as management
activities were, in part, studied at SRER (Hungerford
1960a,b).

Water supplied by humans was not important, as quail
maintained body moisture from succulent plants. Vitamin A
was an important part of the life history, and during dry
years quail did not store enough vitamin A in their liver for
successful breeding. Rainfall, as it influenced vegetation,
was the driving force for quail reproduction in southern
Arizona, notwater provided by humans (Hungerford 1960a,b,
1964). The importance of vitamin A was first proposed by
Vorhies (1928) more than 30 years earlier based on his
studies of lagomorphs on SRER. Diet and physiological
studies (Hungerford 1960a,b, 1962, 1964) of quail supported
Vorhies’ observations.

Diets of scaled quail (Callipepla squamata Vigors) were
studied at SRER (Medina 1988). The scaled quail also selected
succulent food during dry seasons. Unfortunately, additional
studies of avifauna have not been conducted at SRER.

Mammals

Scientists have concentrated mammalian studiesat SRER
on lagomorphs, rodents, coyotes (Canis latrans Say), col-
lared peccaries (Pecari tajacu Linnaeus), and deer (Odo-
coileus spp). However, there are only limited data for each
group, and no central theme prevails. Because SRER is
primarily grassland, several studies examined influences
of range management practices (for example, mesquite
[Prosopis spp.] control) on wildlife. For example, the con-
trol of mesquite (15 to 100 trees per 0.41 ha) caused a
subsequent reduction of use by mourning doves (Zenaida
macroura Linnaeus), white-winged doves (Zenaida asiatica
Linnaeus), Gambel’s quail, scaled quail, and desert cotton-
tails (Sylvilagus audubonii Baird). The abundance of ante-
lope jackrabbits (Lepus alleni Mearns) and blacktailed
jackrabbits (L. californicus Gray) did not change with
mesquite removal (McCormick 1975). Other studies were
very general and simply presented anecdotal sightings of
animals (Martin 1966).

Lagomorphs

Some of the earliest studies of lagomorphs were con-
ducted at SRER (Vorhies and Taylor 1933) with the use of
treatment and control areas. These early wildlife biologists
recognized the importance of examining species in their
habitat and understanding their value and relationships
with humans. The importance of considering human di-
mensions as a critical component of wildlife management
was raised by Leopold (1933), and Vorhies and Taylor
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(1933). Human dimensions have been a central aspect of
wildlife management ever since. As stated by Vorhies and
Taylor (1933: 579), “This is wild life management.” Their
publication came out the same year Leopold (1933) pub-
lished Game Management, and the monograph serves as a
model for the scientific management Leopold (1933) advo-
cated. Through their studies of lagomorphs, Vorhies and
Taylor (1933) determined life history traits, distribution,
interactions with livestock, forage consumption, diseases
and parasites, censusing techniques, habitat relationships,
predation, and management of antelope and blacktailed
jackrabbits. Their monograph was one of the first in-depth
studies of a game species conducted in the United States.
Taylor and others (1935) also documented and demon-
strated ways that jackrabbits influenced vegetation, and
argued that wild animals should be considered in main-
taining balanced rangelands.

Two studies followed Vorhies and Taylor (1933) that
expanded on their work. Forage consumed by jackrabbits
was determined from experimental trials (Arnold 1942:
46—69); jackrabbits consume as much as a 454-kg range
cow consumes. Arnold and others (1943) also explored ways
to estimate lagomorph numbers with counts of fecal pellets.

The second study examined the growth, development, and
forage requirements of young Californiajackrabbits (Haskell
and Reynolds 1947). These studies were conducted in a
scientific manner, and the data are still useful today (Brown
and Krausman 2003), primarily due to the scientific ap-
proach adopted by early wildlife biologists. Lagomorphs on
SRER were also used as a model to study water balance and
water requirements.

Early observations correlated moist diets as one mecha-
nism to reduce dependency on free-standing water for the
kangaroo rat (Dipodomys spectabilis Merriam), wood rat
(Neotama albigula Hartley), round-tailed ground squirrel
(Spermophilus tereticaudus Baird), and jackrabbits (Vorhies
1945). Later, more detailed studies of the physiology of
jackrabbits were conducted, which determined that jackrab-
bits reduced their dependency on free water in other ways:
seeking shade, the insulation properties of their fur, use of
a clear sky as a radiation heat sink during midafternoon
(when solar and reflected radiation are reduced), high blood
flow in the ears to permit heat loss, and development of a
high lethal body temperature (45.4 °C) (Schmidt-Nielsen
and others 1966). The survival techniques described by
Schmidt-Nielsen and others (1966) were further applied to
and studied for cottontails and jackrabbits (Hinds 1970).
The study by Hinds (1970) only used animals captured at
SRER; experimentation was conducted at the University of
Arizona, Tucson.

Rodents

More work has been conducted on rodents at SRER than
any other group of mammals. The studies ranged from notes
to studies on ecology and life history traits.

Notes—The note (Taylor and Vorhies 1923) that was
published described the capture of a pair of kangaroo rats.
This was a time in the evolution of natural history writing
where unusual observations were published regularly.
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Abundance Indices—The Standard Minimum Method
was a reliable technique to estimate small, nocturnal ro-
dents at SRER, except it required large, homogeneous
sample areas (7.3 ha) and large grids in addition to the
assumptions thataccommodate the technique. These draw-
backs are time consuming (Olding 1976; Olding and
Cockrum 1977), which preclude the method as a rapid
technique suitable for estimating small rodents.

Breeding population density (per 2.6 kmz) was tabulated
for SRER for selected species by Leopold (1933: 233). Data
for rodents were from Taylor (1930), but estimates for other
species were subjectively estimated.

Physiology—Most of the physiological studies of rodents
on SRER were related to water. Some heteromyid rodents
conserve water through excretion of concentrated urine.
Their maximum excretory ability (1,200 mN for electrolytes
and 900 mN for chlorides) exceeds the limits for other
mammals (K. Schmidt-Nielsen and others 1948). Other
rodents such as white-throated woodrats cannot survive on
dry food only, but solved the water problem by consuming
succulent plants (B. Schmidt-Nielsen and others 1948).

Further studies demonstrated the importance of the hu-
midity in rodent burrows to survival. The humidity in
burrows of kangaroo rats was higher than outside humidity
and significant for their water balance (Schmidt-Nielsen
and Schmidt-Nielsen 1950a,b, 1951). These studies were
some of the first that examined the water balance of desert
mammals and are still widely cited.

More recent studies have examined the survival of small
mammals fromwhich blood was collected (Swann and others
1997). The survival of most rodents was not influenced due
to anesthetization and bleeding through the orbital sinus.
Pocket mice (Chaetodipus spp.) were the exception, and
those that were bled had significantly lower survival rates
compared to controls (Swann and others 1997).

Range Relations—Because of the economic value of
SRER and its representation of desert grasslands in gen-
eral, managers were interested in animals that competed
with livestock for forage. One of the earliest studies was to
determine how much forage kangaroo rats consumed
(Vorhies and Taylor 1922). Unfortunately, they miscalcu-
lated and later revised their figures (Vorhies and Taylor
1924). Kangaroo rats consumed forage equivalent to 28
steers per year. However, because resources are often
limited prior to summer rains, the forage destroyed by
kangaroo rats would support 336 cattle in one month
during this critical period (Vorhies and Taylor 1924). Be-
cause rodents have such an impact on range resources, itis
important for managers to know how much they consume
before establishing carrying capacity for livestock. Numer-
ous methods to determine rodent pressure on rangelands
were established, but how rodents interact with other
aspects of rangeland ecology are unknown and need further
research (for example, pressure on soil, relationship be-
tween rodents and insects) (Taylor 1930). Only limited
research occurred in the past.

Merriam kangaroo rats were identified as an agent of
mesquite propagation. When harvested, many seeds were
buried thatgerminated and developed away from the parent
tree. The result was an increase of mesquite at the expense
of grasslands (Reynolds and Glendening 1949).
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Some researchers recommended a reduction in kangaroo
rats, along with livestock management to manage forage
(Reynolds 1950; Reynolds and Glendening 1949). Merriam
kangaroo rats consume large-seeded perennial grasses and
other large seeds. When rangelands are in poor condition,
rodents eat most seeds, which prevents rangeland restora-
tion (Reynolds 1950). However, because other mammals
also perpetuate an increase in mesquite and a decrease in
grassland, removing kangaroo rats only would not increase
grassland landscapes (Reynolds 1954). Additional forage
studies of heteromyid rodents were conducted by Price
(1977), and effects of woody removal on nocturnal rodents
was examined by Vaughan (1976). Overall, as woody vegeta-
tion was removed, rodents were not effected, with few
exceptions: kangaroo rats decreased and silky pocket mice
(Perognathus flavus Baird) increased, as did others. Ma-
nipulation of vegetation for any reason needs to address how
it will influence overall biodiversity.

The early studies on rodents were directed at basic traits
and interactions with the grasslands. However, they also
served to guide future research questions.

Ecology and Natural History—There was not a con-
stant theme identified for the broad area of ecology and
natural history. Studies conducted ranged from soils to
disease and included abundance related to rainfall, dis-
persal and movements, behavior, life history, and habitat.

Despite the importance of rainfall to rodent populations,
only two studies examined rodent abundance in relation to
rainfall. Rainfall from 1942 to 1972 was correlated to the
density of 10 rodents. Rodent fluctuation was predicted
based on the amount of rainfall during the previous year
(Turkowski and Vahle 1977). Petryszyn (1982) was able to
correlate extreme rodent population fluctuations at SRER
with certain El Nifio events. Heteromyid rodent numbers
increased over sixfold in just a few months in 1973. This
pattern was repeated in 1979. Biomass of the Arizona
pocket mouse (Perognathus amplus Benson) increased from
less than 100 g per ha in May 1973 to over 1,100 g per ha
by September 1973. The timing and amplitude of these
increases varied among the rodent species. Petryszyn (Uni-
versity of Arizona, unpublished data) continued monitor-
ing rodent populations at SRER until 1994, thus providing
a 24-year record of rodent population fluctuations.

Rodent movements were contrasted in a control area and
areas cleared of woody vegetation. Shifts in home range from
clearing vegetation were made by adults primarily. How-
ever, the difference in movements or numbers of individual
rodents (kangaroo rats, Perognathus penicillatus, southern
grasshopper mouse [Onychomys torridus Coves]) on dis-
turbed and undisturbed areas was minor (Vaughan 1972). A
short removal study (to determine how trapping affected
rodents) most frequently captured the same three rodent
species. Results were inconclusive (Courtney 1971). Addi-
tional removal studies were conducted (Courtney 1983), but
removal did not influence home range size or physiology of
kangaroo rats.

Studies on behavior were also limited. One dissertation
was conducted on predatory behavior of the southern grass-
hopper mouse (Langley 1978). The southern grasshopper
mouse learned how to kill different prey (for example,
crickets, stink beetles, scorpions) based on their defenses
(Langley 1981).
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Because so little was known about the life history of many
rodents, some of the earlier studies at SRER concentrated on
establishing a basis of knowledge for several rodents. Early
researchers were also interested in how rodents influenced
rangelands.

Classical life history accounts (for example, status, tax-
onomy, range, periods of activity, breeding, habitat, diet,
predation, economics, management) were provided for
woodrats (Vorhies and Taylor 1940), Sonoran Desert pocket
mouse (Chaetodipus penicillatus pricei Allen), Bailey’'s pocket
mouse (C. baileye baileyi Merriam), and Merriam’s kanga-
roo rats (Reynolds 1958, 1960). There was no impact to
rangelands from pocket mice or woodrats. Merriam’s kanga-
roo rats were more abundant on rangelands grazed by
livestock, and they are likely beneficial by burying seeds.
However, they also bury mesquite and cactus seeds, which
is not always favorable to range management objectives
(Reynolds 1958).

Studies of habitat have been limited. Competition was
examined as a mechanism for rodents to use different
microhabitats for foraging (Price 1976, 1978). Similar re-
sults (for example, habitat selection as an important factor
in species coexistence) were reported by Wondolleck (1975,
1978). Price and others (1984) also demonstrated that
rodents spent less time in open areas on moonlit nights
than on dark nights. Langley (1980) described habitat (such
as burroweed, a few grasses, and bare soil) for southern
grasshopper mice at SRER. More recently, the habitat use
and abundance of rodents at SRER was documented. These
datarevealed temporal and age-related differences in habitat
use by rodents, which are of use in fine-scale planning for
restoration of desert plant communities (Morrison and others
2002). Gottesman (2002) studied the habitat use and move-
ment patterns of rodents in riparian vegetation and con-
cluded that most animals made only short-distance move-
ments. Although the papers on habitat were limited, they
ranged from basic habitat requirements to briefdiscussions of
habitat alteration and restoration.

Three studies addressed the response of soils to animal
activity at SRER: Greene and Murphy (1932); Greene and
Reynard (1932); and Taylor (1935). All were very general but
pointed to the importance of physical and chemical changes
animals caused in the soil. No other studies were found that
addressed the influence of wildlife on soil.

Some of the more recent work with rodents at SRER has
examined Sin Nombre virus prevalence. Thirteen species
were captured and examined, but only mice in the genus
Peromyscus were seropositive for the virus. There was a
suggested correlation between population size and
hantavirus-antibody prevalence (Kuenzi and others 1999).

Predators

In the 1970s and early 1980s a series of studies on coyotes
was conducted at SRER. Home ranges (54 to 77 km? for
juveniles), abundance, and behavior were documented
(Danner 1976; Danner and Smith 1980). During these stud-
ies Danner and Fisher (1977) were the first to document
homing by a marked coyote.

More detailed studies of coyotes were conducted at SRER
by Drewek (1980) and Fisher (1980). Drewek (1980) exam-
ined home ranges, activity patterns, and age distribution.
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Fisher (1980) examined how an abundant food source (such
as carrion) influenced density, age distribution, weights,
ovulation rates, and litter sizes of coyotes in three study
areas (no differences). Other diet studies were also con-
ducted (Short 1979).

Ungulates

Collared peccaries and deer received some attention at
SRER. Collared peccary diets were examined and were
found not to be competitive for forage with livestock (Eddy
1959, 1961). General life history data were also presented
(Knipe 1957). Home ranges and movements of five mule
deer were examined (Rodgers 1977; Rodgers and others
1978). These researchers concluded that disturbances by
humans influenced breeding activity and normal move-
ment patterns.

Feeding trials for Coues white-tailed deer (Odocoileus
virginianus Coues) were conducted at SRER (Nichol 1936,
1938). Nichol (1938) also examined parasites, disease, water
and saltconsumption, reproductive patterns, and hybridiza-
tion of mule deer and white-tailed deer. The study was
initiated because the U.S. Forest Service was interested in
appropriate allocation for livestock and wildlife, a contro-
versy that still continues in Arizona. This was one of the first
studies addressing these topics in Arizona, and the work is
still used as a reference.

Despite the importance of deer to Arizona, including
hunting, no studies were found that examined harvests in
SRER. Some summary data were provided in a memo
(Yeager and Martin 1965; not seen, cited in Medina (1996)
(hunt success) for the 1964 deer season.

Thisarray of research has been instrumental in establish-
ing SRER as the natural laboratory it was designed to be.
However, scientists and administrators could be more effi-
cient with a directed approach for long-term research that
include inventory and monitoring. To our knowledge, the
U.S. Department of Agriculture’s Forest Service or the
University of Arizona administrators have not allocated
funds or a central mission in which continuous studies of
wildlife could be conducted. Unless a central theme or
funding level is established, wildlife research at SRER will
continue to be based on individual efforts.

Inventory and Monitoring

Inventory and monitoring are the most frequently con-
ducted type of wildlife studies (Morrison and others 2002).
They are done to gather new knowledge about an area,
quantify trends in some animal or resource of interest, and
to assist with resource management. The goal of an inven-
tory is to quantify the current composition, distribution, and
perhaps abundance of a species of interest in an area.
Monitoring is simply conducting repeated inventories to
quantify changes in composition, distribution, and abun-
dance over time. In addition to the general pursuit of knowl-
edge, inventory and especially monitoring are often man-
dated by legislation, such as by the National Forest
Management Act (1976) and the Endangered Species Act
(1973). Unfortunately, both initial inventories and followup
monitoring are seldom conducted with sufficient rigor to
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precisely estimate the parameters of interest (Morrison and
Marcot 1995; Morrison and others 2002).

There are numerous reasons why establishing an orga-
nized and rigorous inventory and monitoring program would
benefit an education and research mission at SRER. First,
resource managers need to have reliable data upon which
decisions can be based. Only a comprehensive monitoring
program that involves all taxa can hope to provide an
understanding of the interactions between management
decisions and wildlife responses. Second, there is the need to
provide students and potential researchers with a complete
list of species composition, relative abundances, and distri-
bution to assist with teaching and research planning. Third,
the University of Arizonaand the Forest Service should have
an interestin monitoring the influence of local, regional, and
global changes in climate, air quality, human population
impacts, and other factors on wildlife populations over time.

Simply establishing a series of repeated sampling loca-
tions (regardless of the specific methodologies used) is insuf-
ficient, however, to address any questions regarding wildlife
at SRER in a meaningful way. Specific and quantifiable
objectives must be established before successful monitoring
can be accomplished; these objectives then drive the sam-
pling design, intensity of sampling, and statistical analyses.
Atypical goal of monitoring is to identify trends in aresource
of interest. Trends represent the sustained patternsincount
data that occur independently of cycles, seasonal variations,
and irregular fluctuations in counts. A common problem in
trend detection, however, is that sources of “noise” in counts
obscure the “signal” associated with ongoing trends. The
probability that a monitoring program will detect a trend in
sample counts when the trend is occurring, despite the
“noise” in the count data, represents its statistical power.
Although statistical power is central to every monitoring
effort, it is rarely assessed. Consequences of ignoring it
include collection of count data insufficient to make reliable
inferences about population trends, and collection of data in
excess of what is needed (Gibbs 1995).

The statistical power of population monitoring programs
must be estimated relative to (1) the number of plots moni-
tored, (2) the magnitude of counts per plot, (3) count varia-
tion, (4) plot weighting schemes, (5) the duration of monitor-
ing, (6) the interval of monitoring, (7) the magnitude and
nature of ongoing population trends, and (8) the significance
level associated with trend detection (Gibbs 1995). Because
these factors interact in complex ways to determine the
capacity of amonitoring program to detect trends in popula-
tions, such basic questions of “how many plots should I
monitor” or “how often should I conduct surveys” rarely have
intuitive answers. Programs such as MONITOR (Gibbs
1995) are designed to explore interactions among the many
components of monitoring programs and to evaluate how
each component influences the monitoring program'’s power
to detect trends.

In general and certainly applicable to SRER, broad objec-
tives for conducting monitoring are (Spellerberg 1991) to:

1. Provide guidance to wildlife management and
conservation.

2. Better integrate wildlife conservation and manage-
ment with other land uses.

3. Advance basic knowledge in addition to applied
knowledge.
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4. Track potential problems before they become real
problems.

These objectives are often addressed by conducting monitor-
ing studies (Gray and others 1996; Miller 1996) to:

1. Determine wildlife use of a particular resources or
area.

2. Evaluate effects of land use on populations or habitats.

3. Measure changes in population parameters.

4. Evaluate success of predictive models.

5. Assess faunal changes over time.

Monitoring Elements

Key components of a monitoring program at SRER should
include the:

1. Ability to link past, current, and any future research
activities with a systematic grid system (in other words, to
be able to locate relative to base monitoring sampling frame).

2. Sampling frame developed around an attribute-based
GIS vegetation system.

3. Sampling protocol for rare species, such as adaptive
cluster sampling, to be instituted in addition to the basic
sampling frame.

For example, a 500- by 500-m grid coordinate system
could be established across SRER. This spacing would be
applicable for implementing a standard point-count meth-
odology for birds because most counting protocols require
an interpoint spacing of greater than or equal to 300 m. The
actual spacing of grid points is actually irrelevant because
the system would only exist as coordinates in a GIS layer
and not physically exist on the ground. Using the 500- by
500-m spacing and beginning at a random starting pointin
one corner of SRER, points would be systematically spread
across the area. Additional points would also be randomly
placed within each currently recognized vegetation type,
while ensuring that adequate sampling occurred in rare
types. For example, additional (nongrid) points would need
to be established in linear (for example, riparian) and
relatively small (for example, hackberry [Celtis reticulata]
woodland) types. A systematic placement of grid points is
recommended because there is no assurance that a cur-
rently recognized classification of vegetation would be of
adequate refinement for many applications, or that the
classification would be stable into the future. It is likely,
however, that certain vegetation classifications (for ex-
ample, riparian, the major plant associations currently
recognized) will remain adequate upon which to base the
general allocation of points. The value of points is that they
are readily locatable using GPS, even if they serve as the
starting point of a transect.

The number of points to be sampled should be based on
power analysis using the best available estimates of vari-
ance associated with each parameter of interest. It is impor-
tant to recognize that power analysis only provides an initial
estimate of sample size. The final sampling effort must be
based on an iterative process that updates the number of
required samples as data are gathered. Power analysis
requires that a magnitude of biological effect be established.
That is, what magnitude of change must be quantified with
what level of certainty? For example, is it sufficient for SRER
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resource managers to be able to identify a 5 percent annual
change in abundance of a species in 3 years, or can they wait
to identify this change over 5 years? The answer will vary
depending on the species in question. Note that allowing for
a 5 percent decline in abundance over 5 years results in a
cumulative loss of 29 percent—a substantial decline for any
species.

Unfortunately, very little general guidance isin the litera-
ture regarding appropriate initial sample sizes for a large-
scale, multispecies monitoring program. This is due, in part,
to the rather recentgeneral interest in statistical rigor being
shown among many wildlife professionals. However, many
computer statistical packages are now available that allow
easy access to power analyses. Because there are so many
potential criteria that can appropriately be used for estab-
lishing monitoring parameters, and because the rarer spe-
cies will require specialized sampling efforts, we cannot
provide a cookbook answer for necessary sample sizes. Some
studies on monitoring relatively common bird species have
shown, however, that 30 to 50 points (usually counted 3
times each per season, most often in the breeding season) are
adequate to detect a 5 percent annual change in abundance
within a 5-year period. At SRER, however, it will not be
possible to place that many points within relatively rare
vegetative types or plant associations. In such situations, it
becomes necessary to increase sampling intensity, and con-
duct a more intensive type of monitoring, to rigorously
quantify change. With birds, for example, researchers often
supplement point counts with more intensive spot mapping
procedures.

Rare Species

Management recommendations are sometimes made for
rare species based on data from common species, although
rare species are excluded from analyses due to small sample
sizes. In many cases, threatened or endangered species are
“rare.” If a species only occurs in a very specialized habitat,
it would be rare in that its only detections occur within
spatially clumped areas. Alternatively, if a species has a
large geographic range it may be considered rare because it
is only detected during a community assessment as it wan-
ders through a study area. Lastly, species are considered
rare when local populations are composed of a few individu-
als per unit area, as is the case with most threatened and
endangered species (Queheillalt and others 2002).

Due to the great number of “rare” species in plant and
animal communities, these communities are known to ad-
here to lognormal species abundance distributions, in which
a small number of species are common, only a few species
reside in intermediate to low numbers, and most are uncom-
mon (Harte and others 1999; Maina and Howe 2000;
Rosenberg and others 1995; Van Auken 1997). Frequently
used sampling designs, such as simple random sampling,
stratified random sampling, and systematic random sam-
pling, are ineffective when applied to infrequently encoun-
tered species, and such sampling designs return numerous
zero counts and decrease the accuracy of the studies using
these designs (Thompson 1992; Thompson and others 1998).

The exclusion of species due to low detection rates leads to
the erroneous inflation of relative abundance and density
calculations of included species. In instances of special
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status species (for example, legally threatened or endan-
gered), elevated density estimates may lead to the biological
notion thataspeciesis prevalentin sufficient numberswhen
infactits actual density is low. Also, if the object of the study
is to compare relative abundances over successive years,
trends may appear for a species, which are due to the
number of species excluded from abundance calculations
rather than true biological trends.

Because rare species are often spatially clumped, we
recommend using one of the forms of adaptive sampling
methods—adaptive cluster sampling design, strip adaptive
cluster sampling, or stratified adaptive cluster sampling—
as described by Thompson (1992) to supplement the system-
atic arrangement of sampling points described above. Adap-
tive cluster sampling is a two-stage sampling design in
which initial sampling plots are randomly selected and
monitored. Any of the initial plots containing animals are
selected to have all adjacent plots monitored as well. This
process continues until adjacent plots no longer contain
animals of interest (Krebs 1999; Morrison and others 2001,
Thompson 1992). This method increases the probability of
encountering clumped species, and thus often increases
sample sizes.

Statistical analyses with small sample sizes can be prob-
lematic. When samples are from highly variable popula-
tions, statistical analyses often have low power. Although
beyond the scope of this paper, there are options for statis-
tical analyses with small sample sizes. Contingent upon the
specific situation and type of data being used, nonparamet-
ric tests can be employed or data transformed to allow the
use of parametric tests when working with small sample
sizes.
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John H. Madsen

Cultural Resources of the Santa Rita
Experimental Range

Abstract: The Santa Rita Experimental Range is a vast open space with few signs of houses or
human habitation, but at one time it was quite the opposite scene. Archaeological surface
inspections reveal heavy use of the Range dating back hundreds of years. This paper will review
the history of cultural resource management on the Range and provide a timeline of local cultural
history pertinent to understanding the cultural landscape on the west flank of the Santa Rita
Mountains. An archaeological site inventory done by Cynthia Buttery in 1985 and 1986 will be the
central focus of this paper. Buttery’s work provides an important picture of land use on the Range
over 800 years ago by Hohokam farmers. The paper will conclude with comments on cultural
resource management and research opportunities on the Santa Rita Experimental Range.

Introduction

This paper will address the history of cultural resource management on the Santa Rita Experimental Range (SRER or the
Range) and will provide a summary of how the land was used by American Indians prior to European contact in the late 1690s.
The paper will conclude with a summary of potential strategies to protect and preserve cultural resources on the Range and a
view of how we might blend the environmental information found in prehistoric sites with more traditional range-oriented
research themes.

Historic Preservation Policy Applicable to Santa Rita

Two Federal laws set the stage for cultural resource management on the Santa Rita Experimental Range. The Archaeological
and Historic Preservation Act of 1960 (AHPA) (Public Law 86-523, 16 U.S.C. 468-469c-2) was adopted to further improve the
intent of the Historic Sites Act of 1935 (16 USC 461-467). The intent of AHPA is to preserve historic American sites, buildings,
objects, and antiquities of national significance. The Act provides for the protection of historical and archaeological data
(including relics and specimens), which might be irreparably lost or destroyed as a result of alterations to the land caused by
a Federal agency or a Federally licensed construction project.

The second law of importance was the National Historic Preservation Act (16 USC 470 et seq.). Enacted in 1966, this Act
provides for a National Register of Historic Places, and has broad authority over national, State, and local historic preservation
programs. Section 110 of the Act has had the most significant impact on the Range.

Section 110 directs the heads of Federal agencies to assume responsibility for the preservation of National Register listed
or eligible historic properties owned or controlled by their agency. Agencies are directed to locate, inventory, and nominate
properties to the National Register, to exercise caution to protect such properties, and to use such properties to the maximum
extent feasible. Other major provisions of Section 110 include documentation of properties adversely affected by Federal
undertakings and the establishment of trained Federal preservation officers in each agency.

After the passage of the National Historic Preservation Act, Federal agencies with land managing responsibilities began to
fill their ranks with cultural resource managers. The Santa Rita Experimental Forest, as it was called in the 1960s, fell into
aunique Federal land category. Because the land was not within the boundaries of a National Forest, it was identified as “other
Federal lands” and was administered by the Bureau of Land Management (BLM). The USDA Forest Service Rocky Mountain
Forest and Range Experiment Station managed the surface of the land through an interagency agreement with the BLM.

Management of cultural resources on the experimental range was shared between the Coronado National Forest and the
Rocky Mountain Forest and Range Experiment Station. Little was known about the cultural resources before 1974. The
Coronado National Forest employed its first Forest Archaeologist by 1975. Personnel at the Station, in cooperation with the

John H. Madsen is an Associate Curator of Archaeology at the Arizona State Museum, P.O. Box 210026, University of Arizona,Tucson, AZ 85721; e-mail:
jmadsen@u.arizona.edu. He has a B.S. degree in environmental studies and an M.A. degree in archaeology from California State University, Sacramento.

In: McClaran, Mitchel P.; Ffolliott, Peter F.; Edminster, Carleton B., tech. coords. Santa Rita Experimental Range: 100 years (1903 to 2003) of accomplishments
and contributions; conference proceedings; 2003 October 30—November 1; Tucson, AZ. Proc. RMRS-P-30. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.
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Forest Archaeologist, conducted cultural resource inspec-
tion on SRER in advance of ground alterations related to
fence installations, buried pipelines to livestock water sup-
plies, and road maintenance.

In the 1980s opportunities arose to place large blocks of
sensitive habitat in south-central Pima County under the
jurisdiction of the U.S. Fish and Wildlife Service. In an
elaborate exchange that involved land from several agencies
including the U.S. Forest Service, BLM, and U.S. Fish and
Wildlife Service, the Range was transferred to the State of
Arizonain 1990. Today the Santa Rita Experimental Range
is administered by the Arizona State Land Department and
leased to the University of Arizona for ecological and ranch
lands research.

Land management responsibilities for SRER now fall to
the Arizona State Land Department and their lessee, the
University of Arizona. National historic preservation policy
applies to SRER when Federally funded or licensed projects
or Federally funded grants are used in a way that might
impact cultural resources. In such instances the Arizona
State Historic Preservation Office in consultation with the
funding or licensing agencies, the recipient of the funds or
license, and other interested parties, such as Arizona Tribes,
assure compliance with Federal legislation.

Two State laws now serve to protect and preserve the
prehistoric, historic, and paleontological resources within
the boundaries of the Experimental Range during the nor-
mal course of daily operations and management, and during
State and privately financed research. The first of these laws
is the Arizona State Historic Preservation Act of 1982 (Title
41, Chapter 4.2 Historic Preservation, Article 4, General
Provisions, A.R.S. Sec. 41-861 through 864). This State law
and its associated policies are administered in part by the
Arizona State Historic Preservation Office and guide land-
managing agencies and institutions like the University of
Arizona through their responsibilities to protect and pre-
serve cultural resources on lands they own or control.

The second State law pertaining to SRER is often referred
to as the Arizona Antiquities Act, but in actuality is Title 41,
Chapter 4.1 Article 4, Archaeological Discoveries (A.R.S.
Sec.41-841etseq.). The University of Arizona hasalongand
honored role in the implementation of this law. In 1927, the
Arizona Eight Legislature enacted the first law to regulate
excavation of prehistoric ruins on State and Federal lands in
Arizona through a permit system. The legislature assigned
the task of administering this statute to the University of
Arizona, Department of Anthropology. The Department
administered the Act until 1960 when amendments placed
administration of the law under the Arizona Board of Re-
gents and the Director of the Arizona State Museum, Uni-
versity of Arizona (ASM).

The intent of the Arizona Antiquities Act is to protect the
information contained in historic and prehistoric ruins, and
paleontological deposits by controlling access to sites on State
lands through a permit program administered by the ASM.
The Act has been amended six times to keep pace with
national and State historic preservation policy and is one of
the strongest preservation and grave protection laws in the
nation.

The University of Arizona has a consistent record of
compliance with the State Historic Preservation Actand the
Arizona Antiquities Act. New information about the cultural
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resources on SRER is slowly but steadily gathered as ar-
chaeological surveys required by State law are conducted in
advance of range management and range research projects.

Previous Archaeological
Investigations

In the northeast corner of SRER lies Huerfano Butte. This
rocky outcrop contains many archaeological features and
will be described later on in this paper. In 1958 William
Lindsay reported a bedrock seed-processing location on the
Butte, and the ASM gave it a State site number. In 1965 the
Butte gained public notoriety when a young girl discovered
a prehistoric jewelry cache while on a picnic. This discovery
resulted in the first and only scientific journal article about
the archaeology of SRER (Bahti 1970).

In 1974 the U.S. Forest Service began to require surveys
on the range in response to the passage of the National
Historic Preservation Act. The Forest Service recorded eight
small sites between 1974 and 1985.

Cynthia Buttery (1987) accomplished the first systematic
archaeological inventory on the Range. Over a 2-year period
from 1985 to 1986, Buttery recorded 46 Hohokam sites. This
research was accomplished in partial fulfillment of her
master’s degree in anthropology at Texas Tech University
and provided information for U.S. Forest Service and Re-
search Station personnel to better manage and protect the
cultural resources under their care.

From 1987 to present, five compliance surveys have been
completed on the Santa Rita Experimental Range and were
related to the placement of water pipelines, soil testing, and
road improvement projects (Lange 1999; Lascaux 2000;
Madsen 1991; Stone 2001; Swartz 2002). The most recent
work by Swartz (2002) was in response to proposed carbon
sequestration studies funded in part by NASA. The School of
Natural Resources, University of Arizona contracted for
archaeological assistance from Desert Archaeology, Inc., to
meet Federal requirements for funding. Swartz examined
the surface of six parcels prior to the excavation of trenches
related to this study. The archaeological inspection resulted
in the discovery, recordation, and avoidance of one small
prehistoric site. Swartz also found historic features related
to early research on the range. Swartz (2002: 17) found it
interesting that: “Taken asawhole, across the entire 53,000-
acre Range, ... markers and other remains from studies
[conducted] in the first half of the twentieth century may
meet eligibility requirements for inclusion in the National
Register of Historic Places.” These artifacts of past research
on the Range may contribute to our understanding of the
history of range research in the Unites States beyond the
written record. By virtue of being an experimental station
with 100 years of continuous operation and contributing
significantly to range research, SRER today may warrant
national recognition as an historic landmark.

Southern Arizona Prehistory

A short summary of southern Arizona prehistory is pro-
vided so that the reader can better understand the prehistoric
cultural resources of the SRER. Some findings, particularly
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those from Buttery (1987), are incorporated into the body of
this summary, but most of the detailed information from her
work on Hohokam resources will follow this summary.

Big Game Hunters

From archaeological and paleontological investigations a
picture has emerged regarding life in the Western Hemi-
sphere from 10,000 to 8,500 B.C. The term “Paleoindian” is
used to identify the earliest inhabitants of North America.
The origin and ethnicity of these people continues to be
debated, but it is sufficient to say they moved about in small
groups, lived in temporary camps, and hunted megafauna.
Butchering sites with stone tools found in association with
the remains of mammoth have characterized these people as
big game hunters. In southern Arizona, known butchering
sites are located in the San Pedro River Valley and Sulphur
Spring Valley. A spear point type referred to as the Clovis
Point (first discovered near Clovis, NM) has been found
embedded in the bone of mammoth at the site of Naco, AZ
(Haury 1953), and at the nearby sites of Lehner (Haury and
others 1959), and Murray Springs (Hemmings 1970).

Mammoth remains have been found in the Santa Cruz
River watershed. Within the boundaries of SRER a mam-
moth tusk was found in an eroding arroyo bank (Buttery
1987: 12). The discovery of Clovis points (Agenbroad 1967;
Ayers 1970; Doelle 1985; Huckell 1982) and a later style of
point called the Plainview Point (Agenbroad 1970; Hewitt
and Stephen 1981; Huckell 1984a) indicate a presence of big
game hunters in the Santa Cruz River Valley before 8500
B.C. However, archaeological sites with mammoth remains
and Clovis or Plainview points have yet to be discovered in
the Tucson Basin.

Archaic Hunter Gatherers

Mass extinction of mammoths, mastodons, camels, horses,
giantground sloths, and other large Pleistocene mammals is
attributed to climatic change and excessive hunting. By
8500 B.C. the door closed on the big game hunter era, and for
the next 7,000 years American Indians adapted to changing
environments and landscapes. People focused on mixed
subsistence strategies of hunting smaller game, fishing, and
eating wild plant resources. Data on social organization,
economy, and ritual behavior are severely limited, but there
is evidence to show increased sedentism between the early
and late periods. Across North America this period of 7,000
years has been separated into the Early, Middle, and Late
Archaic periods. These periods are not chronologically simi-
lar from region to region. In Arizona, Archaic hunter-gath-
erer sites are assigned to one of three periods within the
Southwest Archaic Tradition: the Early Archaic (ca.7500 to
5000 B.C.), the Middle Archaic (ca. 5000 to 1700 B.C.), and
Late Archaic (ca.1700 B.C. to A.D. 150). The term Late
Archaic is also synonymous with Huckell’'s Early Agricul-
tural Period (Huckell and others 1995).

Transition to Agriculture

The term Early Agricultural best reflects the cultural
setting between 1700 B.C. and A.D. 150. During this period
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farmers irrigated fields of maize on the flood plain of the
Santa Cruz River and farmed at the mouths of watered
canyons. They supplemented their diet with deer and other
small game and wild plant foods (Diehl 1997; Ezzo and
Deaver 1998; Gregory 1999; Huckell and Huckell 1984;
Huckelland others 1995; Mabry 1998; Roth 1989). Sedentism
is expressed in the archaeological record by discoveries in
recent years that include dozens of houses per village,
irrigation ditches, and the byproducts of food processing
such as carbonized or burned maize and animal bone. With
people spending more time in one location, trash accumu-
lated, as objects were discarded or cached away. The result-
ing material culture of the early agriculture period includes
diverse flaked stone and ground stone tool assemblages,
carved stone pipes, clay figurines, and crude pottery vessels.
Seashell and other nonlocal resources indicate involvement
in trade. Data on social organization and ritual behavior are
speculative. Larger than normal oval structures found in
village settings might be social or ritual places or perhaps
the homes of influential people.

Huckell (1984b) excavated 10 sites at Rosemont on the
eastern slopes of the Santa Rita Mountains immediately
east of SRER; these sites span the later portion of the
Southwest Archaic Tradition through the Early Agricul-
tural Period. No such sites are recorded yet on SRER, but 10
diagnostic arrow points of Archaic and Early Agricultural
origin have been found on the Range.

Early Ceramic Period

The Early Ceramic Period (A.D. 150 to 650) is a relatively
new concept within the Tucson Basin (Heidke and Ferg
2001; Heidke and others 1998). Although ceramic artifacts,
including clay figurines and crude plain pottery, were made
during the Early Agricultural period, pottery containers
revolutionized life after A.D. 150. Over this 500-year period,
pottery was refined into nicely made plain ware and red
ware vessels. A variety of new pit house styles are found—
basically shallow rectangular pits protected by a framework
of posts and beams supporting a coat of matted grass, brush,
and mud. Overall a less homogenous culture is seen. As
people become less mobile, more time is available to experi-
ment and to adopt ideas from distant lands to make life
easier. It is not known if these changes are a step in the
evolution of the local sedentary population or reflect the
influence of new people. Cultigens, including maize, beans,
squash, and cotton, wild plants, and hunting were important
parts of the subsistence economy. Greater quantities of
imported materials such as turquoise, obsidian, and shell
suggest a greater investment in a sedentary life. Data on social
organization and ritual behavior remain speculative. The
cultural setting by A.D. 650 sets the stage for the emerging
Hohokam tradition.

Hohokam

Hohokam is the English pronunciation of Hu Hu Kam, a
word used in the Piman language to mean “those who are
gone.” O’'odham ancestral roots are deeply embedded in the
ancient cultures of the Sonoran Desert.

The geographic extent of the Hohokam tradition coincides
closely with the basic and persistent patterns of settlement
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and subsistence seen in the Sonoran Desert before the sixth
century A.D. By A.D. 650 new cultural traits such as pottery
with red decoration, public architecture, and extensive irri-
gation systems are identifying characteristics of the
Hohokam. These new cultural elements were so innovative
that renowned archaeologists Harold Gladwin (1948) and
Emil Haury (1976) postulated a Mesoamerican migration
into the fertile Salt River and Gila River valleys. In recent
years new archaeological data suggest that the traits that
uniquely identify the Hohokam are products of internal
experimentation as well as the external influences of the
Anasazi and Mogollon cultures and the northern cultures of
Mesoamerica.

Hohokam Community—For purposes of this discus-
sion, Hohokam history is divided into the Preclassic period
(A.D.650t01150) and the Classic period (A.D. 1150 to 1450).
The Hohokam aggregated into cohesive agricultural com-
munities that occupied every hospitable niche within the
Sonoran Desert. The term “community” refers to clusters of
sites dominated by villages of different size and social
complexity that maintained farmsteads, multifaceted agri-
cultural systems, and smaller sites located strategically to
acquire natural resources (Fish and others 1992).

Each community had a central village supporting one or
more forms of public architecture. In the Preclassic period,
clay-capped ceremonial mounds and ball courts identified
the religious, economic, and social centers of a community
(Gladwin and others 1937; Wilcox and others 1981; Wilcox
and Sternberg 1983). A shift in Hohokam ideology eventu-
ally caused the decline and eventual abandonment of ball
court centers and the rise of Classic-period platform mound
communities reflecting the emergence of new positions of
authority. O’odham oral history suggests that platform
mounds may have been built for the Hohokam elite (Teague
1993).

Hohokam community organization speaks to a high order
of cooperation and social interaction that reaches beyond
community boundaries. These same organizational skills
are also seen at the village level with remarkable consis-
tency through time. During the Preclassic period, families
organized into cohesive courtyard groups. Each courtyard
group contained clusters of rectangular pit houses, cooking
ovens, cemeteries, and trash disposal areas positioned around
the edge of a common open space (or courtyard). In some
larger villages, multiple courtyard groups were positioned
around larger central plazas (Doyel 1991).

By the Classic period the courtyard group takes on a
pueblo design because of innovations in architectural mate-
rials, particularly adobe block construction. Villages contain
from one to as many as 20 compounds, each defining the
living and working space of a related social group. Within
compound walls, groupings of houses and ramadas face
common yards containing workspace and cemeteries. Trash
mounds and large cooking ovens lie on the exteriors of
compound walls.

Hohokam Farming—By the sixth century A.D., the
people of the Sonoran Desert had had nearly 2,000 years to
hone their agricultural strategies. In the broadest river
valleys like the Phoenix Basin, Preclassic and Classic-period
Hohokam communities were organized to maintain one or
more river-fed irrigation systems. Villages and farms were
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strategically positioned along miles of arterial aqueducts,
canals, and ditches that provided water to croplands.

In narrow river basins like the Santa Cruz and San Pedro,
mountains squeeze the flood plains into narrow stripes of
fertile land. During the Preclassic and Classic period,
Hohokam communities organized along the edges of these
flood plains and successfully used river water to irrigate
crops. The narrowness of valleys also offered the same
communities an opportunity to diversify their agricultural
strategies by farming the alluvial fans of nearby mountains.
Here the Hohokam planted the lower limits of fans where a
combination of direct rainfall and the construction of diver-
sion dams directed water from swollen washes to adjacent
fields.

In basins with no perennial waters alluvial-fan farming
was supplemented with other faming techniques including
diverting rainwater into deeply excavated storage reser-
voirs for domestic use and pot irrigation, blocking gullies
with rock terraces to capture flowing water and sediments,
and planting crops in gardens bordered on all sides by rock
walls that captured rainwater, prevented runoff, and caused
soil saturation. Specialized crops like agave were grown in
piles of soil and rock that caused a mulching effect and
minimized evaporation.

Hohokam Craft Specialization—Part of the diverse
material culture of the Hohokam—craft specialization—
emerges from the early ceramic period and takes on a strong
Mesoamerican orientation. Seashell, minerals and rock,
animal bone, plant fiber, and clay were transformed into
utilitarian, status, and ritual objects with diverse form and
function. The common person possessed the skill to make
plain ware pottery and flaked stone tools for hunting, har-
vesting, and processing food, but skilled craft specialists
were spread throughout communities and were actively
involved in repetitive manufacture of products and their
subsequent trade. People specialized in making jewelry,
ritual objects of stone and clay, textiles, and decorative
pottery.

Pottery such as bowls, jars, ladles, and effigy forms, with
painted red designs was the signature of the Hohokam
people. The earliest decorated pottery was a gray ware with
simple incised exterior lines and red painted designs. By
A.D. 800 brown pottery with red designs dominated south-
eastern Arizona while buff-colored pottery with red designs
dominated the central basins of the Salt and Gila Rivers. By
A.D. 1300 the introduction of distinctive red, black, and
white polychrome pottery provides intriguing questions
about cultural influences, suggesting, perhaps, the accep-
tance of outside ideology and/or religion (Crown 1994).

The momentum of the Hohokam culture wanes by A.D.
1350, and their descendants reorganize themselves over the
landscape. Pima oral histories tell of social and political
upheaval and of environmental factors that profoundly alter
the cultural landscape of the Sonoran Desert (Teague 1993).

Reorganization Period

By A.D. 1450 warfare, drought, floods, disease, or some
combination of these factors caused change in the structure
of Hohokam society. Desert people did not vanish from the
landscape—they simply reorganized. In 1697, Captain Juan
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Mateo Manje and Father Eusebio Kino explored the valleys
of the San Pedro, Gila, and Santa Cruz Rivers. In the Gila
River Valley these explorers noted the abandoned Casa
Grande Ruin and other burned out Hohokam towns. Yet the
Spanish encountered fertile irrigated croplands and many
villages, where often hundreds of people would come out to
welcome them. People were still living a sedentary lifestyle,
but it was seemingly on a different scale than 250 years prior
and analogous to that of people living a thousand years
earlier. Villages were nothing more than clusters of small oval
huts built of sticks and mats (Burrus 1971; Karns 1954). The
people encountered by Kino were the descendants of the
Hohokamand are the ancestors of the O’'odham-Piman people.

Southern Arizona History

Hispanic Arizona—Hispanic Arizona is separated into
the Spanish Colonial period (1536 to 1821) and the era of
Mexican Independence (1821 to 1856). Most of the major
river valleys of present-day Arizona were explored, and a
pattern of European settlement was established over this
320-year span. Life on the northern frontier of New Spain
was dangerous, and for the Spanish, and for the later
Mexican citizen, being able to safely and permanently settle
in any one location was never easy.

Franciscan priests attempted a permanent secular pres-
ence with the Hopi Tribe from 1629 to 1730 but met with
little success. In southern Arizona the Jesuits similarly
placed priests at the Indian settlements of Guevavi and Bac
on the upper Santa Cruz River between 1701 and 1732. It
was not until 1736, when silver was discovered south of
present-day Nogales, that miners and ranchers hurried to
the borderland of New Spain. The stage was now set for a
permanent Hispanic presence in what is now Arizona, and
the Santa Cruz River drainage attracted the highest density
of Hispanic people. Thereafter, conflict with Indian commu-
nities, particularly the conflict between the Apache and
Spanish colonists, impeded permanent political and social
stability. Even the stationing of garrisoned troops and the
building of four presidios, including one at Tubac (estab-
lished 1751) and one at Tucson (established 1776), did little
to protect missionaries, miners, ranchers, and Indian allies.
A brief negotiated peace between the Apache Indians and
the Spaniards brought calm to the region around 1790, but
the success of the Mexican Independence Movement culmi-
nated in the end of Spanish rule in 1821, bringing new
political problems and instability between the Hispanic
population and American Indian.

During the Mexican period (1821 to 1854), conflict with
the Apache people intensified in the borderlands, and set-
tlers again retreated to the safety of the presidio forts. Only
the courageous dared to face the isolation of the mining
camps and ranches of the hinterlands. The instability of the
period is exemplified by the failure of land grants. The San
Ignacio De La Canoa Land Grant is of particular interest
because of its proximity to SRER. In 1821 brothers Tomas
and Ignacio Ortiz gained title to 42,000 ha (17,000 acres)
along the Santa Cruz River, extending from the western
edge of SRER south to present-day Amado. The southern
boundary of the land grant was just a few miles north of the
presidio of Tubac, yet by 1835 repeated Apache raids forced
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the brothers to abandon their ranch and to tend their herds
from the safety of the Tubac Presidio.

United States Annexation—Mexico’s refusal to sell
lands to the United States or to resolve land disputes in
Texas resulted in the Mexican War of 1846. The Treaty of
Guadalupe Hidalgo in 1847 ended Mexican control over a
vast region, including Texas, as well as portions of New
Mexico, northern Sonora, and upper California. Under the
Compromise of 1850, the U.S. Congress created the New
Mexico Territory, including present-day Arizona north of
the Gila River, Southwest Colorado, southern Utah, and
Southern Nevada. The Treaty of La Mesilla, also known as
the Gadsden Purchase, finally clarified international bound-
aries in 1854 when the United States purchased 30,000
square miles south of the Gila River.

The period of annexation was a time of transition in the
Santa Cruz River Valley. To paraphrase Sheridan (1995),
most Anglo Americans viewed southern Arizona as an ob-
stacle and a wasteland on their way to better lands. In 1846
the Mormon Battalion passed through Tucson while map-
ping a route to California. On their heels came scores of
miners, merchants, and stockmen lured west by the discov-
ery of gold in California in 1848. Through the 1850s and
1860s, Anglo attempts at ranching and mining in the Santa
Cruz River Basin were marginal and paid few dividends.
The Civil War created new problems as Union forces left the
region, opening it to Apache reprisals. For example, between
1855 and 1862 cattle ranching continued on the San Ignacio
De La Canoa Land Grant; by 1859 a lumber mill, hotel, and
tavern were build just southwest of SRER at La Canoa.
Apache raiders burned the newly constructed buildings in
1861 (Willey 1979). In 1862 the Civil War reached Tucson
when a brief tug-of-war over occupation ended with Union
Troops in possession and Confederate Troops retreating to
Texas.

The U.S. military, like their Spanish and Mexican prede-
cessors, could do little to calm old and new ethic conflicts
throughout the period of annexation. During this period,
however, Mexican and Mexican-American residents estab-
lished the foundation of later successes in southern Arizona.

Arizona Territory (1863 to 1912)—In 1863 the Arizona
Territory was carved out of the Territory of New Mexico. The
land once considered an obstacle to westward expansion was
rediscovered. From 1863 forward, Arizona’s gold, silver, and
copper resources lured an aggressive rush of miners to the
territory, and with each new discovery mercantile centers
thrived. The cattle boom of the 1880s paralleled the growth
of mining; and, finally, the arrival of the railroad through
southern and northern Arizona culminated in the end of the
frontier. Throughout the entire era, a growing U.S. military
presence broadened warfare, leading to suppression and
confinement of Arizona’s Indian tribes.

Santa Cruz River Valley—In the 1860s and 1870s,
Tucson thrived as a center of commerce and was the territo-
rial capital from 1867 to 1877. Mexican and Mexican-Ameri-
can businessmen dominated the economic markets and
provided the majority of services to settlers, ranches, mines,
farms, and above all military posts. Networks of freight
wagons delivered produce from Mexico, as well as hardware
and other goods from the east and west coasts. By 1881 the
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Southern Pacific Rail Road offset the balance of power in
Hispanic Arizona. Easterners rolled into the region and
successfully outbid the established frontier merchants for
local markets.

South of present-day Tucson, SRER was in the shadow of
the ranching and mining booms. Frederick Maish and
Thomas Driscoll ran cattle on the San Ignacio De La Canoa
Land Grant in the late 1860s and purchased the land from
founder Tomas Ortiz in 1879. By 1899 they had acquired
title to the Grant from the U.S. Government. Copper was
discovered at the north end of SRER in 1875. Here the
mining town of Helvetia had ups and downs with some
mining successes untilitwasabandonedin1911. The Narragan-
sett Copper Mine was established on the eastern edge of SRER
in 1879. Thereafter, a community of 150 people worked the
Rosemont Copper Mill and Smelter from 1894 to 1910.

Buttery (1987) notes the presence of at least three historic-
period ruins on SRER, and Swartz (2001) notes evidence of
past range experimental plots that may date to the Territo-
rial and Statehood periods. Little information exists to fully
describe these historic resources. Nathan Sayre (this pro-
ceeding) provides an overview of the history of the SRER,
and hisdatawill provide aglimpse of what historic resources
may lie untapped and awaiting anthropological/archaeo-
logical study.

At this point | return to a more indepth look at the
Hohokam culture and the patterns of Hohokam use of land
within the Santa Rita Experimental Range.

Cultural Resources
on the Range

The work by Buttery (1987) provides the primary source
of information about Range cultural resources. The princi-
pal reason for Buttery’s research was to examine how spe-
cific environmental factors such as landform, soil, hydrol-
ogy, and to a broader extent vegetation, influenced how
people organized themselves over the landscape in the
prehistoric past.

Buttery conducted a systematic surface inspection of the
Range with a crew of two to three people spaced 20 m apart.
This team walked north-south transects along U.S. Geologi-
cal Survey (USGS) topographic section lines and half-sec-
tion lines. These parallel transects at half-mile intervals
were chosen to give an evenly spaced, systematic sample
covering of all biotic zones on the Range. Based on transect
width and length, Buttery indicates that approximately
19,700 ha (8,000 acres), or a 15-percent sample of the
146,000-ha (53,000-acre) range was inspected for archaeo-
logical resources. Buttery found 46 prehistoric sites during
her study (fig. 1). Sites were plotted on USGS 7.5-minute
topographic maps and on to Mylar™ sheets covering
1:24,000-scale aerial photographs. The surface character-
istics of each site were recorded on U.S. Forest Service site
forms, and sketch maps were made. All site formsare onfile
at the Supervisor’'s Office of the Coronado National Forestin
Tucson, AZ. Site information is now available to qualified
researchers through the State AZSITE Geographic Infor-
mation System.

Criteriafor designating sites were based on the standards
of the Coronado National Forest in 1985. Archaeological
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sites were defined by the U.S. Forest Service as the presence
of six or more artifacts in proximity to each other on the
surface, or by the presence of obvious prehistoric features on
the landscape, such as seed-processing sites with mortar
holes in bedrock outcrops.

In 1985 considerable data were available from adjacent
regions to seriate Hohokam sites by time periods, and to
classify sites into functional groups based on surface artifact
assemblages and visible surface features. Borrowing from a
site classification system used during Phase B of the Central
Arizona Project (Czaplicki and Mayberry 1983: 27-29), But-
tery sorted SRER sites into five categories: (1) Lithic Scatters,
(2) Garden Sites, (3) Limited Activity Sites, (4) Habitation
Sites, and (5) Specialized Activity Sites.

Lithic Scatters (Places Where Stone Tools
Were Made)

The Hohokam and their predecessors were expedient
toolmakers. If atask required the use of cutting, scraping, or
piercing tools, the nearest source of fine-grained rock was
used to make the needed implement. The import of exotic
stone tools and raw material from outside southern Arizona
occurred but was not in any way necessary or extensive.

The Santa Rita Mountains provide a wide range of rock
types suitable for making stone tools. On the Range, fine-
grained black to gray porphyritic andesite is found in abun-
dant quantities on cobble terraces overlooking the Santa
Cruz Floodplain (Jones and others 1998). The same material
is plentiful in streambeds on the upper bajada.

Buttery identified six lithic scatters where someone split
porphyritic andesite cobbles to make tools. Lithic scatters
are characterized by the presence of cores, flakes, and waste
debris. Stone cores are cobbles with flakes removed; the
resulting flakes are sharp and can be used for cutting, or can
be flaked further into other tools. Debris is the byproduct of
toolmaking. Three lithic scatters were found in the upper
reaches of Sawmill Canyon, and three others at the lower
reaches of this drainage. These sites range from 80 to 270 m?
in size.

Garden Sites

Prehistoric agricultural fields marked by rock piles and
low stone alignments cover hundreds of hectares along the
edge of the flood plain of the Santa Cruz River from the
international border to locations 80 miles downstream at
Marana (Fish and others 1992). Interdisciplinary study of
these prehistoric agricultural complexes has detailed the
nature and extent of agave cultivation during the later
portion of the Hohokam sequence. Rock piles and stone
terraces enhance the planting environment of the agave
plant. The uneven, porous surface of a rock pile allows
penetration of rainfall, and the rock acts as mulch, slowing
evaporation of soil moisture. Agave pups gathered from a
high-elevation habitat in the Santa Rita Mountains were
transplanted into rock piles at lower elevation. Agave (or
century plant) has been a source of food and fiber for most
aboriginal groups of North America living within the
distributional range of these drought-adapted perennial
succulents.
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Figure 1—Archaeological site locations on the Santa Rita Experimental Range.
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Four agave fields were recorded on the lower bajada of
SRER below 945 m (3,100 ft) elevation. Fields range from
391 to 10,000 m? in size with four to 18 rock piles per site.
One agricultural site has a 60-m-long rock terrace. Buttery
found no habitation sites near these fields and postulated
that people living on or near the flood plain maintained them.
Recent work on the western periphery of SRER (Jones and
others 1998) shows that villages dating to the late pre-
Classicandearly Classic periods are withinamile of Buttery's
agave fields.

Limited Activity Sites

Seven Hohokam sites, each with fewer then 25 artifacts,
were scattered between the upper and lower bajada. These
sites range from 12 m? to 6,360 m? in size and contain plain
ware pottery and flaked stone artifacts. One of the sites has
three unidentified decorated pot sherds. From this limited
information no particular function can be assigned to these
sites.

Habitation Sites

Over half of the sites recorded by Buttery on SRER (25 of
the 46 sites) are identified as habitation sites. As the word
implies, these are places where people built houses and lived
seasonally or year round. To determine seasonal versus
year-round habitation requires amultidisciplinary approach
to many lines of excavated archaeological data, but habita-
tion in the broadest sense is easily recognized without
excavation from specific indices of artifacts and features
seen on the surface. Buttery separated habitation sites into
four categories based on the types of artifacts and feature
exposed on the surface.

Compound Sites—By A.D. 1150 the Hohokam were build-
ing their houses within walled compounds. Compounds were
made from solid adobe blocks or from upright posts inter-
twined with sticks and brush and bound together with adobe
mud. Evidence of both construction methods are expressed
archaeologically by remnant stone footings on the surface.

Two habitation sites on the upper bajada of SRER are
classified as compound sites. One site has two small rock
compounds with interior spaces of 48 m? and 108 m?. Thir-
teen other segments of wall footing were also recorded
including one footing 25 m long. The larger compound site
has a rock footing nearly 40 m long with three attached
perpendicular walls about 10 m long each. Two rectangular
rooms are attached to the interior of this enclosure.

Besides hundreds of broken pieces of plain utilitarian
pottery and a few decorated pieces, the artifacts on the
surface of both sites include food-grinding tools and flaked-
stone cutting, scraping, and piercing tools. The dates of
occupation are tentatively placed after A.D. 1150 based on
the Classic period compound architecture. A few pieces of
Rincon Red-on-brown pottery, dated to between A.D. 950
and 1150, were found on both sites. Another pottery type
called Tanque Verde Red-on-brown dated between A.D.
1150 and 1300 was found on one of the sites. Site area is
based on the distribution of artifacts on the surface. The first
site covers an area of 14,000 m2, and the second, larger site
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coversanareaof 105,340 m?. The potential for buried cultural
features on both sites is certain.

Trash Mound Sites—Villages occupied year round or
seasonally over many years have locations set aside for trash
disposal. After repeated dumping episodes in one location,
trash accumulates into mounds, and if conditions are favor-
able, these mounds remain visible for centuries. On the
upper bajada of SRER four villages were occupied for ex-
tended periods of times as suggested by the presence of trash
mounds. Two villages have four trash mounds, and the two
others each have one mound. Most of the mounds are only a
few centimeters high and are identified by the presence of
artifact concentrations, but the largest known trash mound
on SRER covers 72 m? and is mounded 50 cm high.

Based on the distribution of surface artifacts, the four
villages range from 70,000 to 200,000 m? in size. Artifacts
scattered across these sites include plain utilitarian pottery,
flaked-stone cutting, scraping, and piercing tools, and waste
flakes and debris from toolmaking. Seed-grinding tools
(manos and metates) and jewelry made from seashells are
present. Three of the four villages have datable decorated
pottery including Rincon Red, and Rincon Red-on-brown, as
well as Sacaton Red-on-buff, indicating occupation between
A.D.900and 1150. The earliest of the four sites hasone trash
mound with Santa Cruz Red-on-buff pottery placing its
occupation between A.D. 875 and 950. With little doubt,
these sites have archaeological deposits that include many
buried houses and features.

Class | Artifact Scatters—Buttery used the term “Class |
Artifact Scatter” to describe sites with three or more types of
artifacts. These sites have no surface evidence of trash
mounds, but a few have heavy concentrations of artifacts
that may represent locations of trash disposal. The absence
of trash mounds may have to do with the length of occupa-
tion, the intensity and type of use, or the rate of deflation. It
is certain that some of these sites represent permanent
villages with several houses, while others in this group may
be small seasonal farmsteads with a few houses or ramadas.
The surface areas of these sites range from 8,000 m? to as
large as 306,000 m?.

Plain utilitarian pottery, flaked-stone cutting, scraping,
and piercing tools, waste flakes, and debris from toolmaking
are present on most of these sites. Twelve sites have food-
grinding implements (manos and metates). Dispersed un-
evenly among the 14 sites are seashell artifacts, carved stone
jewelry, tabular agave knives, a stone axe, pottery spindle
whorls, a quartz crystal, evidence of a cemetery, and rock
pile clusters protruding through the surface.

Five of the 14 sites have datable decorated pottery. Rincon
Red-on-brown dating from A.D. 900 to 1150 is dominant,
followed by Rillito Red-on-brown (A.D. 875 to 950), and
unidentified buff ware sherds.

Class Il Artifact Scatters—Buttery grouped these four
sites together because the artifact assemblages are limited
to broken pottery and flaked stone. Plain ware (utilitarian
brown ware) is the dominant pottery type on the surface of
these sites. Rincon Red-on-brown on three sites suggests an
occupation between A.D. 900 and 1150. Flaked stone is
limited to flakes and cores (cobbles with flakes removed),
hammer stones (tools for removing flakes from cobbles), and
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cutting tools. One site has a single small rock pile of indeter-
minate function. These sites range from 14,000 to 95,000 m?
insize, and although they are large sites, the surface artifact
assemblages lack the variety usually found at permanent
habitation sites. The proximity of Class Il sites to washes
and fans may indicate they were seasonal habitation sites
that functioned as farmsteads.

Special Activity Sites

These four sitesare diverse in function. Thefirstisaplant-
processing site where four mortar holes and four grinding
slicks (bedrock metates) were created on exposed bedrock
near the mountain pediment. In these locations, food prod-
ucts like mesquite pods were milled or ground into flour with
stone pestles and manos. Buttery notes that the largest
mortar hole is 15 cm in diameter and 9 cm deep. The four
nearby bedrock grinding slicks each measure about 70 cm
long, 30 cm wide, and 18 cm deep.

The second special activity site is located at Huerfano
Butte, a small rocky hill in the northeast quadrant of the
Range. Buttery notes that shallow bedrock forces ground
water to the surface in a wash on the south side of the Butte.
Exposed outcrops of granite on either side of the wash have
50 bedrock mortar holes and numerous smaller cupules,
further suggesting that the location may have been a reli-
able water source at times. Along the same wash is a vertical
stone surface with pictographs painted in red hematite. The
paintings include human and animal life forms as well as
concentric circles. A few plain ware and unidentified deco-
rated pottery sherds and flaked-stone artifacts were noted in
the area. As mentioned earlier, Huerfano Butte gained
notoriety in 1965 when a young girl discovered an extensive
prehistoric jewelry cache while on a picnic. While exploring
cracks and crevices on the butte the young girl discovered a
prehistoric bowl filled with turquoise and shell beads, as
wells as carved bird and frog pendants. This discovery
resulted in the first and only scientific journal article about
the archaeology of SRER (Bahti 1970). The cached offerings,
the red paintings, and the numerous food-processing fea-
tures may or may not be related, but one can imagine that a
reliable water source near, or on the surface, is an element
that could bind all of the site’s features together.

The third special activity site is associated with food
processing. It is located on the lower bajada in an area
experiencing deflation. The site is 98,400 m? in size, and
within its boundaries are 34 rock piles, most of which are
check dams. Some of the other rock features are hearths and
roasting pits filled with broken and fire-charred grinding
implements. Buttery recorded 70 manos, 5 metates, and
observed several pestles. The pottery at this site is domi-
nated by mostly broken plain ware, but four broken deco-
rated sherds were noted, including Snaketown Red-on-buff
(A.D. 650 to 900), Rincon Red-on-brown (A.D. 900 to 1150),
and Tanque Verde Red-on-brown (A.D. 1150 and 1300).
Buttery noted a dozen modified sherds, some ground round
into spindle whorls. Buttery noted that the flaked-stone
tools made from black porphyritic rhyolite were abundant
and include flakes, scraping and cutting tools, and cores.

The fourth special activity site is located in Florida Can-
yon and was identified as a source of black porphyritic
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cobbles. These cobbles were broken to test the quality of the
stone for toolmaking. Some material was used on the spot to
make tools, but it is also likely that cobbles were collected
and taken elsewhere for use (see “Lithic Scatter” above).
This site covers 70,000 m? of land. The discovery of an
Archaictriangular biface tool along with plain ware Hohokam
pottery suggest a long history of use. Every habitation site
on SRER contains stone artifacts made from black porphy-
ritic igneous rock, and as indicated earlier, Florida Canyon
is not the only source for this material. Other drainages
certainly have similar deposits of stone as do the lower
bajada Holocene fans and ridges (Jones and others 1998).

Settlement Pattern

The pattern of Hohokam settlement on the northern
slopes of the Santa Rita Mountains reflects both environ-
mental risks and opportunities. Settlement will be exam-
ined in its relationship to the availability of resources on the
upper bajada, middle bajada, and lower bajada of the Range.

Upper Bajada—Finding large numbers of Hohokam
sites in upper bajada locations is a common pattern in the
basin-range country of the Sonoran Desert, particularly
where mountains rise above 1,219 m (4,000 ft) in elevation.
The Santa Rita Mountainsrise justover 2,881 minelevation
(9,453 ft), and the bajada slopes around the entire base
provide many opportunities conducive to human settlement.
Buttery indicates that 63 percent of the Hohokam sites on
the Range are located on the upper bajada between 1,097 m
(3,600 ft) and 1,341 m (4,400 ft) above sea level. Here, there
is enhanced precipitation from orographic rainfall, suffi-
cientelevation to lessen frost from cold air drainage, surface
water, and bedrock water catchments. The bajada itself
offers plant foods like mesquite pods and cacti fruit, and
proximity to the mountain provides access to a rapid succes-
sion of plants and animals used for a variety of purposes,
including food, clothing, and shelter.

The Hohokam living on the northern side of the Santa Rita
Mountains depended on the relatively abundant local pre-
cipitation for domestic and agricultural use. The uplift of
moisture-laden air passing over the Santa Rita Mountains
delivers predictable precipitation to the mountain peaks,
provides perennial surface water in canyons, and height-
ened chances for direct rainfall on the upper bajada in the
winter and summer months, probably more so than on the
valley floor. At the mountain front, Holocene sediments over
bedrock are typically nodeeper than a few meters; accessible
water tables at the mouth of Box Canyon and Sawmill
Canyon and in nearby ephemeral drainages were important
factors in settlement location.

Upper bajada agriculture—Bottomlands with high agri-
cultural potential are not evenly distributed along Box and
Sawmill Canyons but vary with factors such as width and
morphology of the flood plain, water-table depth, watershed
size, and drainage gradient. The importance of such acreage
for supporting relatively dense populations is indicated by
the locations of large habitation sites along those stretches
of Box Canyon and Sawmill Canyon suitable for flood plain
fields. Buttery suggests that the water may have flowed in
these canyons continuously in the prehistoric period.
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The Holocene soils on the broad upper bajada terraces
between major washes are also suitable for agriculture.

The surface runoff would have easily infiltrated the sandy
Holocene soils and remained close to the surface because of
the underlying Pleistocene clay soil. When the water reaches
the clay soil, it would begin to move laterally. At the point
where the sandy soil becomes shallow or pinched out, it is
likely that there would have been free water on or near the
surface, thus creating temporary seeps following above aver-
age winter precipitation.... (Buttery 1987: 92).

Between 1,097 m (3,600 ft) and the mountain pediment,
Buttery noted locations where moist conditions near the
surface caused lush growing condition for local gasses.

Middle Bajada—The middle reach of the Range’s bajada
was not a place of settlement because drinking water was
inconveniently distant at either the Santa Cruz River below
or at the mountain edge above. As Box Canyon and Sawmill
Canyon drain downhill and cross into the mid-bajada, sur-
face flow tends to diminish or disappear in channels through
infiltration into increasingly deep valley fill. The lower limit
of habitation sites on Box Canyon and Sawmill Canyon
probably mark the downslope extent of significant surface
flow from all but the largest precipitation events following
major storms.

Many small drainages with bajada catchments are suffi-
ciently shallow that farmers from upper and lower bajada
settlements could have successfully farmed the middle bajada
by diverting storm water into fields. However, water would
have been available only in cases of storms directly over the
watershed, a relatively unpredictable event compared to
higher elevation precipitation triggered by uplift of air over
the mountains. At this time there is no archaeological
evidence suggesting agricultural use of this zone.

The vegetation regimes seen on the Range today probably
mimic to some extent the Range around A.D. 1150, when the
prehistoric population was at its highest. If there were any
differences, it is in the frequency of native trees and plants
seen today as opposed to the presence or absence of these
species in the past. Within the Tucson Basin, analysis of
charcoal from 21 roasting pits dating from A.D. 1150 to 1300
(Fish and others 1992) and from a single roasting pit dating
from A.D. 894 and 1148 (Van Buren and others 1992) shows
abundant fuel woods of mesquite, ironwood, and palo verde,
all consistent with the vegetation seen in the same locations
today. It is likely that exploitation of annual and perennial
plants in the middle bajada was frequent and shared by the
people living above and below this zone.

Lower Bajada—Buttery indicated that 37 percent of the
sites on the Range are below 945 m (3,100 ft) and include
small agave gardens, lithic scatters, a plant-processing site,
and five habitation sites. Lower bajada habitation sites are
linked to the flood-plain community. Here water in the
Santa CruzRiver,and atsprings like those at Canoa, provides
domestic water sources. Like elsewhere, mesquite, cactus,
and other annual and perennial plants provided food re-
sources. Hardy upland agave plants also were transplanted
to lower elevation gardens, cultivated, and successfully
propagated for food and fiber on the gravel ridges overlook-
ing the flood plain.

Low bajada agriculture—Alluvial fans, composed of
outwash sediments from the uplands, coalesce on the lower
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bajada north of Box Canyon. Gentle slopes provide an active
depositional environment and controllable water flow. In
these situations flood waters following storms provided both
moisture and simultaneous enrichment for crops in the form
of suspended nutrients and organic detritus. The clustering
of habitation sites at the lower limits of alluvial fans on the
Range mirrors similar patterns throughout the Santa Cruz
watershed.

Hohokam Community

The archaeological survey conducted by Buttery covered
approximately 19,700 ha (8,000 acres), or a 15-percent
sample of the 146,000 ha (53,159 acres). Of the 46 archaeo-
logical sites recorded, 25 are habitation sites representing
places of permanent or seasonal habitation by the Hohokam
people. This sample of area and sites provides sufficient
information to predict with some confidence that many more
Hohokam sites are present on the Range. The majority of the
recorded Hohokam habitation sites were occupied between
A.D.900and 1150, and at least two were occupied until A.D.
1300. As indicated in the cultural history section of this
paper, the Hohokam organized into communities with cen-
tral siteswith publicarchitecture at their core. Thereislittle
doubt that the dense Preclassic population on the Range is
part of one or more communities. This suggests that a
central site with a ball court, a form of Hohokam public
architecture associated with Preclassic communities, should
be found somewhere on the Range probably in an upper
bajada location. There is insufficient information on
Hohokam Classic period sites, with only two recorded at this
time, tounderstand their place and relationship to other sites.

Concluding Comments

Cultural Resource Management
on the Range

Preservation of archaeological resources for scientific in-
vestigation outside the Range is not possible except in rare
instances. Since 1987, over 29,600 ha (12,000 acres) of land
has been inspected for archaeological sites on the western
and northern periphery of the Range, mostly as the result of
enforcement of the Pima County Cultural Resource Ordi-
nance (Sec. 18.81.060,B.10). These inspections resulted in
the recordation of over 400 archaeological sites, but unfortu-
nately only a small portion of these sites will be set aside for
preservation in perpetuity. Those sites not fully protected
will be subjected to compliance-related archaeological inves-
tigations. Unfortunately, the cost of scientific study is very
expensive, and all work is more often than not geared to
collecting samples that never capture the full breadth and
understanding of how people lived and survived in these arid
lands.

This is why cultural resources inside areas like the Santa
Rita Experimental Range are so important to protect. Within
the Range liesimportant information about the prehistory of
the region and the history of homesteading and ranching.
Equally important is archaeological information about the
history of range experimentation itself, and how early scien-
tific research was carried out. A record of this scientific use
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is embedded in the landscape and will not be found in the
written or photographic history of the Range. Beyond the
humanistic elements of archaeology, sites on the range con-
tain vast amounts of information useful to studies of climate,
plant and animal ecology, geology, and geomorphology.

We are rapidly approaching the time when the Santa Rita
Experimental Range finally and forever will be enclosed on
three sides by a dense urban landscape. High-density resi-
dential communities will create new challenges for the
Range and will require an increased commitmenton the part
of the Arizona State Land Department, the Arizona Game
and Fish Department, the Arizona Department of Agricul-
ture, and the University of Arizona to manage and monitor
the health of the Range.

A complete inventory of SRER cultural resources will
facilitate the implementation of future range projects, to
include improvements to the land needed in the normal
course of use and during the selection of lands for scientific
study related to the principal purposes of the experimental
range. With the inevitable growth around the periphery of
the Range, inventories of cultural resources are necessary
for the sheer purpose of protecting them and for assessing
impact from allowable public use within the current context
of State law and State Trust lands policy.

Cultural resource inventory can coincide with the teach-
ing mission of the University of Arizona. Opportunities for
students to design and implement research on the scale of
the work accomplished by Buttery (1987) and Fish and
others (1992) abound on the Range, and can co-occur and
even complement and contribute important information
useful to the research objectives of the modern day range
ecologist. With that said, the 100th Anniversary of the
Santa Rita Experimental Range also presents an opportu-
nity for constituents with common interests in the survival
of the Range to develop a long range plan that binds public
and scientific interest in this open space.
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Revegetation Practices on the Santa Rita
Experimental Range

Abstract: This paper discusses the revegetation activites on the Santa Rita Experimental Range
since 1903. Revegetation research includes experiments to evaluate adaptation, seedbed prepa-
ration, and sowing methods. We also discuss criteria used to determine if a site has the potential
for a successful revegetation. Successful revegetation was initially based on plant emergence and
establishmentbut not persistence. Plants in successful plantings typically died or the initial stand
declined substantially within about 10 years. Revegetation trials typically used native and
introduced species. However, introduced species such as Lehmann lovegrass (Eragrostis
lehmanniana Nees) more successfully established and spread. Lehmann lovegrass is invading
and reducing the biodiversity of the semidesert grasslands. Scientists and others are now
emphasizing revegetation with native plants. The Santa Rita Experimental Range will continue
to serve as an outdoor laboratory in the search for revegetation methods, combined with the use
of native species, to improve the biodiversity as well as watershed stability of the semidesert
grasslands.
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Introduction

From the late 1800s through the early 1900s woody plants increased and grasses decreased on rangelands throughout the
Southwestern United States and Northern Mexico (Roundy 1995). Declining forage conditions and increased erosion led
scientists and land users to attempt to develop management practices to improve the vegetation on these rangelands.
Experimental ranges were created to serve as centers for the study of rangelands and development of information and practices
that would protect, restore, and provide for the proper management of these environments. The Santa Rita Experimental
Range (SRER) was established in 1903 to serve as an experimental range for the arid Southwest (Medina 1996). Early
revegetation studies at the SRER and elsewhere in southern Arizona were conducted by D. A. Griffiths and J. J. Thornber.
Griffiths’ work began in southern Arizona in 1904 and utilized both native and introduced perennial forage species. He
incorporated the use of furrows to concentrate and store moisture in an effort to improve plant establishment. Poor results from
these plantings directed Griffiths to conclude that annual plants were better suited for revegetation of desert rangelands
(Glendening and Parker 1948). In 1910 Thornber, based on his work in southern Arizona, reported that introduced forage
plants were not well adapted to the desert rangelands, and that native plants that are ecologically adapted to the desert and
to soils that are subject to flooding gave the best results in his trials (Glendening and Parker 1948). E. O. Wooton’s revegetation
trials in 1916 at the SRER supported Griffiths’ and Thornber’s earlier findings that, with the exception of annual filaree
(Erodium cicutarium (L.) L'He'r. ex Ait.), revegetation with introduced grasses was not likely to be successful. While
revegetation studies began soon after the SRER was established (Martin 1966), a formal range revegetation program did not
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begin until 1935. Glendening and Parker (1948) stated that
the most successful species to use in rangeland revegetation
within the semidesert grassland, based on revegetation
experiments at the SRER, were Boer lovegrass (Eragrostis
curvula(Schrad.) Nees), Lehmann lovegrass (E. lehmanniana
Nees), and Wilman lovegrass (E. superba Peyr.). However,
most revegetation trials resulted in failure. Most often this
was attributed to a lack of adequate moisture for plant
establishment. This led to the search to find drought-toler-
ant plant species for use in revegetation. Scientists and
others experimented with innovative methods in seedbed
preparation and evaluating introduced species in search of
methods and species that would successfully revegetate
severely eroding rangelands (Roundy 1995). In southern
Arizona, these “miracle plants” appeared to be primarily the
exotic lovegrasses from Southern Africa. Several lovegrass
species were tested for revegetation use on the SRER. The
most successful was Lehmann lovegrass. The revegetation
program conducted by the Rocky Mountain Forest and
Range Experiment Station ended on the SRER in the mid-
1950s (Medina 1996).

Since 1939, the U.S. Department of Agriculture, Natural
Resources Conservation Service, Tucson Plant Materials
Center (PMC) has conducted plantings on the SRER. The
SRER has provided the PMC with long-term evaluation
sites for comparison of the potential of native and introduced
species for revegetation on Southwestern rangelands. The
most recent experimental planting was established in 1968.
Eighteen different plantings (12 warm season and 6 cool
season) were conducted at this site from 1968 through 1988.
This site is located in pasture 5N south of Desert Tank on
Road 401 (SW Y4 of the SW ¥4 of Section 3, Township 18 south
and Range 14 east). The objective of these plantings was to
determine the production and erosion control potential of
native and introduced species selected from the PMC testing
program for the arid Southwest (USDA 1988).

Revegetation Principles

Researchers have attempted to describe factors to con-
sider when determining if revegetation is feasible. The num-
ber of factors varies depending on the author but generally
includes (1) site selection, (2) seedbed preparation, (3) species
selection, and (4) seeding method (Anderson and others 1957;
Jordan 1981; Martin 1966; Roundy and Biedenbender 1995).
The following discussion is a review of the many efforts con-
ducted atthe SRER to enhance our knowledge of these factors.

Site Selection

Based on revegetation trials on the SRER, Anderson and
others (1957) summarized the many factors to consider
when determining if a revegetation effort is feasible. Site
selection should be based on local climate and soil types.
Sites should have medium textured soils with moderate
infiltration rates, good waterholding capacities, be at least 2
ft deep, and receive 11 inches of average annual precipita-
tion. Sites that receive less precipitation may be expected to
have successful seedings only in above-average rainfall
years. In drought years, even seedings on favorable sites
may result in failure. Existing vegetation can indicate the
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area’s forage production potential. Areas with dense cover
may indicate deep soils with good waterholding capacity and
the potential to produce forage. Anderson and others (1957)
suggested that the existing plant community may be used to
determine if revegetation efforts will be successful. Stands of
mesquite (Prosopis velutina Woot.) and burroweed (Isocoma
tenuisecta Greene) are good indicators of sites suitable for
revegetation and supporting grass. Species like saguaro
(Carnegiea gigantea (Engelm.) Britton & Rose), paloverde
(Parkinsoniaspp. L.), triangle leafbursage (Ambrosiadeltoidea
(Torr.) Payne), and ironwood (Olneya tesota Gray) indicate
sites that are arid and droughty and unsuited to revegetation.
Dense stands of woody vegetation must be controlled before
attempting to reseed. Anderson and others’ (1957) research on
the SRER found that if mesquite density exceeded 15to 25 trees
per acre they had to be controlled prior to revegetation. Also,
if burroweed was a principal component of the plant community
it would have to be removed prior to revegetation. Revegetation
is seldom justified on those areas where desirable grasses
remain and stand recovery can be obtained following proper
grazing management practices. Reynolds (1951), based on his
work at the SRER, suggested that with an appropriate rest
period sandy loam soils in semidesert rangeland that have an
existing 10- to 20-percent stand of Rothrock and black grama
should not be recommended for revegetation with Lehmann
lovegrass. Reynolds suggested that a rest period of 8 to 10
years is needed on these sites for native grass stands to
recover to similar forage production as similar-aged stands of
seeded Lehmann lovegrass. Cox and Jordan (1983), from
their rangeland revegetation work in southeastern Arizona,
suggested that revegetation should be discontinued in the
Chihuahuan Desert if it is based on an expected gain in
livestock numbers. They stated that a successful seeding can
be expected in 1 of 10 years in the Chihuahuan Desert of
southeastern Arizona, and that forage production from a
successful seeding can be expected to decline over a 10-year
period. Sites heavily infested with cholla and pricklypear
cacti (Opuntiaspp. P.Mill.) are seldom suitable for revegeta-
tion because the physical manipulation required to prepare
the seedbed would aid in dissemination of cactus propagules
and increase their density. Martin (1966) stated that com-
petitors, especially woody plants, should be removed or
controlled prior to revegetation. Livingston and others (1997)
found that Bush muhly (Muhlenbergia porteri Scribn. ex
Beal) had greater density and cover under overstory woody
species compared to open areas on their research plots at the
SRER, suggesting that shade-tolerant species may emerge
and persist if seeded under overstory plants.

Selection of revegetation sites should incorporate proper
management of the site after revegetation. Revegetation sites
should be rested from grazing for at least 1 to 2 growing
seasons to allow young plants to become established. The site
should be managed so that livestock or other grazers are not
allowed to concentrate and overutilize the reseeded area.
When planning a revegetation project, care should be given to
its size so the reseeded area can be incorporated into the
overall management plan and be properly managed. Also,
indigenous fauna (rodents and rabbits) can have a signifi-
cant impact on the success of a revegetation project (Ander-
son and others 1957), especially small revegetation projects.

Jordan (1981) summarized that site selection should be
based on climate, soils, and terrain. The site must have the
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potential for successful establishment and ability to support
the proposed revegetation. The terrain and soil types must
be suitable to support the desired vegetation change. Shal-
low, coarse, rocky, saline, and or alkaline soils should be
avoided, as should terrain with slopes above 30 percent.

In southern Arizona, Jordan (1981) proposed that seeding
sites should ideally receive an average of 5.5 inches of
precipitation in July, August, and September and at least 11
inches of average annual precipitation to be considered for
potential revegetation. In his summary of revegetation ac-
tivities on the SRER, Martin (1966) indicated that seeding
should take place in May or June prior to the start of the
summer rainy season. Roundy and others (1993) conducted
laboratory germination experiments with regard to seeding
depth and water availability for three grasses used in semi-
desertrevegetation. Their results indicated that these grasses
required frequent rainfall events for establishment. Lack of
frequent rainfall events may be one reason many of the
revegetation activities in the Southwest have poor results.
Research by Abbott and Roundy (1995) on the SRER sug-
gested that native grass seedings should take place the third
week of July to increase the chance of successful establish-
ment. They found that native grasses germinated faster
than Lehmann lovegrass, especially when sown as naked
caryopsis. By waiting to seed until the third week of July
there is a greater opportunity of receiving rainfall events
that are 5 days apart or less.

Seedbed Preparation

Wooton's revegetation recommendations based on research
conducted between 1913 and 1916 on the SRER were to
broadcast native seed onto bare ground without preparing
the seedbed (Glendening and Parker 1948). Wilson’s work,
conducted from 1927 to 1931 in southern and central New
Mexico, determined that the best revegetation results were
obtained by seeding just prior to summer rains with little or
no seedbed treatment except when a mechanical treatment
was needed to control competition (Glendening and Parker
1948). Bridges work (Glendening and Parker 1948) from
1938 to 1941 in southern New Mexico indicated that seedbed
preparation was necessary to ensure a successful revegeta-
tion. The equipment he used was a two-row lister followed by
a 6-ft drill. Glendening and Parker (1948) stated that the
eccentric disk-cultipacker seeder, developed by the Soil
Conservation Service, was the best piece of equipment for
preparing the seedbed and seeding. On sandy soils, success-
ful revegetation has been achieved by broadcasting directly
onto the soil surface (Glendening and Parker 1948).

Range trials in 1951 used a Krause cutaway disc to
prepare the seedbed, tilling to a depth of 2 to 4 inches. This
seedbed preparation implement was commonly used in the
1950s prior to broadcast seeding and cultipacking (Reynolds
1951). Martin (1966) suggested that planting methods should
ensure proper seed placement in the soil surface, ¥ inch for
fine-seeded species and up to 1 inch deep for large-seeded
species, and promote moisture penetration into the soil.
Successful seedbed preparation methods include pitting,
contour furrowing, ripping, and imprinting (Reynolds and
Martin 1968). Slayback and Cable (1970) conducted a 4-year
trial to evaluate the effectiveness of “intermediate pits” and
conventional pits on three different soil types (sandy loam,
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loam, and clay loam) on the SRER at the old PMC site that
was north of the intersection between roads 505 and 401.
The conventional pits were constructed using a standard
pitting disc, creating a pit that was 18 to 24 inches long, 12
inches wide, and 6 inches deep. Intermediate pits were
constructed with the basin-forming machine developed by
Frost and Hamilton (1964) (fig. 1), which created broad,
shallow pits 5 ft wide, 5 to 6 ft long, and 6 inches deep. The
intermediate pit was developed to create pits that had a
longer effective life. Conventional pits were effective for
initial plant establishment, but they filled with soil after
intense rainfall events and lost their ability to concentrate
water within the first year or two. The average forage
production over a 4-year period was 2% times greater in the
intermediate pit (basins) as in the standard pit (Martin and
Cable 1975). Slayback and Renney (1972) compared bull-
dozer pits, reportedly similar to the pits made by the Frost
basin-forming machine, to conventional pits or interrupted
contour furrows, and their brand of “intermediate pits” (fig. 2)
at the current PMC site located approximately 1 mile south
of Desert Tank on road 401. Slayback and Renney’s interme-
diate pits differed from Frost's intermediate pits primarily
in the type of equipment used to construct them. Slayback
and Renney used a tractor with a three-point hitch-mounted
blade to form pits that were approximately the same size as
the pits formed by Frost's basin forming machine. A range-
land drill was used to sow the seeds into the pits compared
to Frost’s machine that formed pits and planted the seed in
a single operation. Herbage production and stand counts
were taken over the 4-year planting effort. Their results
indicate that the intermediate pit was more effective with
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Figure 1—Frost basin-forming machine (from K. R.
Frost and L. Hamilton, publication date and source
unknown). Reclaiming semidesert land by planting
perennials in basins on uncultivated soils (available
in Paper Archives atU.S. Department of Agriculture,
Natural Resources Conservation Service, Tucson
Plant Materials Center).
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Figure 2—Pit types used on the Santa Rita Experimen-
tal Range by NRCS at the Desert Tank planting site
(adapted from Slayback and Cable 1970).

regard to stand establishment and forage production than
the conventional pit and the bulldozer pit treatments.

At the current SRER PMC site, one or more seedbed
treatments were incorporated in all experimental plantings
from 1968 to 1988. Treatments included intermediate pits,
disking, or contour furrowing after ripping. Intermediate
pits were created as described by Slayback and Renney
(1972) along a 200-ft row perpendicular to the slope. Inter-
mediate pits were used in 11 of the 18 plantings at the PMC
site, while only three plantings used the disked treatments
and only one used the furrowed following ripping treatment.
Only two planting dates (1983 and 1984) resulted in good
stand establishment and persistence of seeded species using
the intermediate pits. The disked seedbed treatment had
similar results with regard to percent stand and persistence
in most plantings, but in the 1982 planting the stand
persistence was much lower than the intermediate pits.

Cattle trampling has been another method recommended
for preparing a seedbed that would encourage seedling
establishment (Winkel and Roundy 1991). In the Altar
Valley south of Three Points, Winkel and Roundy (1991)
compared seedling emergence using cattle trampling, land
imprinting, and ripping as seedbed preparation treatments.
They found in years where summer precipitation provided
available soil surface water for at least 3 weeks, land im-
printing and heavy cattle trampling increased plant emer-
gence for Blue panic (Panicum antidotale Retz.) and “Cochise”
atherstone lovegrass (Eragrostis trichophora Coss. and Dur.).
Inyears where summer precipitation provided available soil
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water for 6 to 9 days, they found that seedbed treatments
with the greatest disturbance (heavy trampling, land im-
printing, and ripping) produced higher emergence than no
disturbance or light disturbance treatments. In years where
the available soil water was only 2 to 3 days, emergence was
low for all seedbed treatments. Winkel and Roundy (1991)
suggested that seedbed disturbance may be unnecessary in
wet years and provide little benefit for plant establishment
in dry years, depending on soil type and seed size of sown
species (Winkel and others 1991).

Species Selection

Early revegetation work in southern New Mexico by
Bridges, working from 1938 to 1941, determined that the
most successful species for revegetation (of the 118 tried)
were Rothrock grama (Bouteloua rothrockii Vasey), Boer
and Lehmann lovegrass, and fourwing saltbush (Atriplex
canescens (Pursh) Nutt.) (Glendening and Parker 1948). In
the semidesert grassland of southern Arizona the best
adapted species were Boer, Lehmann, and Wilman lovegrass
(Glendening and Parker 1948).

Glendening (1937) conducted and evaluated several reveg-
etation trialsat the SRER from 1933 t0 1937. These included
irrigation, use of mulch, seedbed cultivation, winter seeding,
seeding with native hay, seeding with annuals, transplant-
ing, and revegetation using transported topsoil. The follow-
ing is an overview of this work.

All of the trials were initiated in 1935 except as noted. An
irrigated seeding trial used 24 small seedbeds (1 m2) that
were sown to either mixtures or pure stands of the following
species: black grama (Bouteloua eriopoda (Torr.) Torr.),
hairy grama (B. hirsuta Lag.), slender grama (B. repens
(Kunth) Scribn. & Merr), sprucetop grama (B. chondrosioides
(Kunth) Benth. ex S.Wats), Rothrock grama, sideoats grama
(B. curtipendula (Michx.) Torr.), and parry grama (B. parryi
(Fourn.) Griffiths); bush muhly and Arizona cottongrass
(cottontop) (Digitariacalifornica (Benth.) Henr.). Plots were
sown in early July and hand irrigated for approximately
2 weeks, or until the start of the summer rains. Excellent
stands of all the grasses were obtained except black grama
and bush muhly. Poor seed quality was the main reason cited
for the performance of black grama. After 2 years the estab-
lished plants were spreading vegetatively. Glendening indi-
cated that if a source of viable seed could be developed black
grama would be an excellent species for revegetation due to
its ability to persist and spread on poor soils. Glendening
considered bush muhly a very poor species to be used in revege-
tation due to its poor emergence characteristics.

Amulchtrial incorporated four (10 by 10 ft) plots that were
totally protected from grazing. Plots were seeded to different
species after the start of the summer rains. One-half of each
plot was covered with 1 inch of barley (Hordeum vulgare L.)
straw. Grass species used were slender, Rothrock, and
sideoats grama; and tanglehead (Heteropogon contortus (L.)
Beauv. ex Roemer & J.A. Schultes). Seed was applied to the
bare undisturbed soil surface. An excellent stand was ob-
tained for each grass plot with mulch. The plots without mulch
had little to no emergence or plant establishment (fig. 3). A
seedbed cultivation trial was installed in June 1936 prior to
the start of the summer rains. A 500-ft? plot was seeded to
a mixture of Rothrock, slender, and sprucetop grama, and
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Figure 3—“Germination upon bare ground and
under artificial litter” (Mulch trial 1935; Glendening
1937).

tanglehead, Arizona cottontop, and bush muhly. The plots
were hand raked to disturb the soil to a depth of 1 inch, and
half of the plot was lightly covered with mulch. Emergence
was good despite poor summer rainfall. The mulch-covered
portion of the plot had the best emergence, but it was not as
dramatic as the previous trial where the seed was sown on
the bare soil without disturbance. This trial indicates that
cultivation may offset the lack of litter on the soil surface. A
similar trial sown in August 1936 compared three treat-
ments: mulch, raked topsoil, and a control. The species from
the previously described planting were used in addition to
sideoats and black grama. Due to late planting and limited
precipitation few plants established. Plots with mulch had
the greatest number of seedlings though. A winter seeding
trial was sown on December 5, 1935, onto a 2,500-ft2 plot.
The seed mixture included Rothrock, slender, sideoats, and
black grama, bush muhly, tanglehead, and Arizona cottontop.
The plot had raked and unraked soil surfaces for seedbed
treatments. The raked treatment involved cultivating to a
depth of about 2 inches, sowing the seed, and then lightly
raking to cover the seed. This trial was apparently a failure
due to temperatures being too low for germination. This trial
was repeated in January 1937 using the same species and
treatments with the inclusion of mulch on one-third of the
plot. The same results were obtained with no germination or
emergence noted.

Anative grass hay trial was conducted during the summer
0f 1936. During 1935 a native grass stand (sideoats, slender,
and sprucetop grama, cottontop, and feathergrass (Chloris
virgata Sw.) was cut when the seed was reaching maturity.
The hay was stored and then spread over the study area in
1936. Emergence was good, but plant survival was low by the
end of the summer due to below normal summer rainfall.
Glendening felt strongly that the use of mulch or grass hay
was one of the most promising seeding methods for revegeta-
tion of desert rangelands. A winter annual trial included:
indianwheat (Plantago ovata Forsk.), California poppy
(Eschscholziacalifornica Cham.), filaree, fiddleneck (Phacelia
spp. Juss.), mustards (Descurainia spp. Webb & Berth. and
Lepidium spp. L.), and sixweeks fescue (Vulpia octoflora
var. octoflora (Walt.) Rydb.). Two plantings were conducted
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(September and October) in 1935 at the Gravelly Ridge site,
which is almost due south of the present Continental Grade
School on the highway 62. Treatments included the applica-
tion of mulch over seeds that were sown on bare soil, cultivat-
ing the soil prior to sowing, and sowing seeds on bare undis-
turbed ground. Emergence was good for all treatments due to
good November and December rainfall. Rainfall was poor for
the months of January through March. The best growth was
obtained with the cultivated plot, and the poorest was
associated with the bare undisturbed plot.

Glendening’s (1937) observations from these SRER trials
are summarized below:

Native forage grasses

1. Arizona cottontop, and Rothrock, slender, sprucetop,
and hairy grama were the best performers. Black grama,
curly mesquite (Hilaria belangeri (Steud.) Nash), and bush
muhly were typically difficult to establish.

2. Seeding should be conducted at the beginning or just
prior to the summer rainy season.

3. Mulch can improve germination, especially on eroded
soils. Cultivation and seed incorporation into the soil helps
enhance germination but not as much as mulch.

4. Due to erratic precipitation, natural reproduction of
native grasses does not occur except in years of average or
above average precipitation.

Winter annuals

1. Good stands can be expected from sowing annual spe-
cies common to Arizona.

2. Winter annuals should be fall planted prior to winter
rains.

3. Repeated plantings of annuals should not be required
due to their ability to produce seed even during seasons with
low precipitation.

4. Cultivation appears to increase germination, but it is
not necessary. The application of mulch has no apparent
effect on germination but does help overall plant growth.

5. Annuals are generally easy to establish, even on poor
soils. Although they can provide some forage they add mulch
to the soil that should improve the condition of the soil where
grasses could become established.

Glendening (1935) evaluated the use of grass sod in his
first transplant trials at the SRER. He indicated that trans-
planting is a feasible method for small areas but not practi-
cal for large areas. Species used in his transplant trial
included pearl millet (Pennisetum glaucum (L.) R.Br.), bush
muhly, tanglehead, Arizona cottontop, poverty threeawn
(Aristida divaricata Humb. & Bonpl. ex Wild.), small or
SantaRitathreeawn (Aristida californica Thurb. ex S. Wats
var. glabrata Vasey), and slender, sideoats, black, and
Rothrock grama. Transplants were either dug directly from
the field or grown as potted plants. Field-dug plants were
placed into flats and taken directly to the trial site and
planted (fig. 4). Potted plants were handled the same except
plants were taken from the flats and planted into tar-paper
pots at the nursery. Potted plants were watered until they
were transplanted into the field. Itis interesting to note that
the potted plant method was considered more time consum-
ing and costly compared to the field-dug plants. Treatments
included three planting times (spring, summer, and fall)
along with either complete protection from all grazing or
protection from livestock grazing only. In June 1935, about
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Figure 4—“Small plots 1 by 2 m were trans-
planted to native grasses. The plants were set
out in rows. The rocky nature of the soil made it
necessary to use a heavy pick to dig the furrows”
(Glendening 1937).

4,000 field-dug plants were transplanted (spring planting)
at three study sites on the SRER and irrigated for 3 weeks
until the start of the summer rainy season. Transplants
were generally planted the same day and never held for more
than 24 hours. Five months after transplanting 57 percent
of the transplants had established, and 18 months after
planting 46 percent of the plants had persisted (fig. 5). The
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Figure 5—"Percentage of grasses established by
transplanting during the spring, with artificial irriga-
tion” (Glendening 1937). Bouteloua filiformis syn.
Bouteloua repens, Aristida californica syn. Aristida
californicavar. glabrata, and Valota saccharatasyn.
Digitaria californica.
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summer planting was conducted after the rains started in
mid-July 1935 (fig. 6). This planting incorporated three
planting sites and 8,500 field-dug plants, which were wa-
tered only once at the time they were transplanted. Each
planting site had three plots, two with complete grazing
protection and one protected from livestock grazing only. Six
weeks after planting, one plot was fertilized with a mixture
of sodium nitrate and ammonium sulfate. Six months after
planting the overall establishment was 58 percent, and after
14 months survival fell to 28 percent. There was no apparent
difference between the fertilized and unfertilized plots after
4 months, but after 14 months there was higher survival on
the protected unfertilized plots. Plant establishment was
much lower on the control plots due to grazing by rodents
(fig. 7). The species that had the best establishment on the
control plot was tanglehead. Low establishment, for all
planting dates and treatments, was believed to be due to low
summer rainfall in 1936 followed by a lack of spring precipi-
tation in 1937. Fall transplant trials were initiated in Au-
gust 1936 and December 1936. Species from the previously
described planting were used except the transplants were
nursery potted plants. The initial results for the August
planting were favorable (fig. 8). Persistence was low, how-
ever, due to heavy grazing from rodents that eventually
killed the plants. The winter planting met with similar
results in that survival and establishment were very low.

Topsoil transplanting was also evaluated by Glendening
in 1935 and 1936 at the SRER. Topsoil was removed from
well-grassed areas and spread 3 inches deep onto denuded
areas where the topsoil had eroded away. Topsoil applica-
tions were conducted in July of 1935 and 1936. In both cases
fair plant growth was observed. Annuals comprised most of
the growth, but a few perennial grasses also germinated and
established.

Glendening (1937) summarized his transplanting results
as follows:

1. Transplanting of native grasses is feasible under proper
weather conditions and can be used to establish perennial

Figure 6—"“Grasses transplanted during the sum-
mer of 1935 made good growth and many of them
set seed during the fall” (Glendening 1937).
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grasses on sites where direct seeding cannot be accom-
plished successfully.

2. Transplanting should be done in July at the start of the
summer rainy season.

3. Direct field transplants have performed as well as
potted nursery stock. Potted nursery stock may have some
advantages when used in low rainfall areas or on poor soils.

4. Transplanting topsoil from well-grassed areas to badly
eroded sites can be successful.

5. Transplanting soil should be done in late spring prior to
summer rains to provide the opportunity for perennial grass
seed present in the topsoil, to germinate with the summer rains.

6. Topsoil should be acquired from areas supporting grass
that naturally reproduce from seed. Sites dominated by
curly mesquite and black grama should be avoided due to a
lack of a viable soil seed bank.

Glendeninginstalled four trials in the Middle Tank Reveg-
etation Plot, Study Area 205 at the SRER from 1940 to 1948.
The four trials were (1) species adaptation, (2) planting
methods (discussed under seeding methods), (3) compatible
mixture, and (4) grazing (not discussed here).

The species adaptation trial used 50 native and intro-
duced species, mostly grasses. Most of the accessions were
acquired from the Tucson Plant Materials Center (table 1).
Three treatments were used in this two-replication trial:
(1) row plantings, (2) contour furrows, and (3) contour
furrows with mulch. The row planting treatment involved
hand planting of each species in three 12-ft rows spaced 1 ft
apart. The contour furrow treatment used furrows that were
3 to 4 inches deep in 12-ft lengths and on 16-inch centers.
Seed was sown and covered by hand. Contour furrows with
mulch were installed in the same manner as the contour
furrow treatment with mulch applied to the soil surface after
seeding. Due to below average rainfall in 1946 and 1947,
replanting was done in 1947 and 1948. The May 1949
evaluation indicated that many of the replants failed, espe-
cially buffelgrass (Pennisetum ciliare (L.) Link). Hall's panic
(Panicum hallii Vasey) was one of the few replanted acces-
sions found growing in 1949, and African lovegrass (Eragrostis
echinochloidea Stapf.) and weeping lovegrass (E. curvula
(Schrad.) Nees) had all but disappeared. Plants survived
better on the contour furrows than on the row plantings.
The only remaining shrub was rough menodora (Menodora
scabra Gray). In general, the best performing species were
Lehmann, Boer, and Wilman lovegrasses, and Arizona
cottontop, and tanglehead (table 2).

A compatible mixture trial evaluated various grasses,
mixed with Lehmann lovegrass at different seeding rates or
seeded as a single species. The seedbed was prepared by
double disking, harrowing to remove plant debris, and
installing contour furrows 4 to 6 inches deep at 2-ftintervals.
A cyclone seeder was used to broadcast the seed. No seed
incorporation treatmentwas used. Seedings were conducted
in July 1946 and repeated in July 1947 due to poor stand
establishment from the 1946 planting. The 1947 planting
compared Wilman lovegrass, Lehmann lovegrass, and Ari-
zona cottontop at differing seeding rates (table 3a). Com-
ments on the July 1947 planting were that due to below
average rainfall this planting had a very poor stand. A
second July 1947 planting compared six accessions
(Lehmann, Wilman and Boer lovegrasses, and Arizona
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Table 1—Species adaptation trials: species list for July 1946 planting.
Middle Tank Reseeding Plot, Study Area 205 (adapted from

Glendening and others 1946).

SCS accession

Species number

Bothriochloa barbinodis A 11495
B. ischaemum A 1407
Dichanthium sericeum (R.Br.)A. Camus A 11812
Astrebla elymoides Bailey & F.Muell. A 1335

ex F.M. Bailey
A. lapacea (Lindl.) Domin A 8839
Atriplex canescens A 5099
A. nummularia Lindl. A 30
Bouteloua curtipendula A 2969
B. eludens Griffiths A 11563
B. eriopoda A 5066
B. gracilis (Willd. Ex Kunth) Lag. ex Griffiths A 121424
B. hirsuta A 10216
B. radicosa (Fourn.) Griffiths A 11327
Calliandra eriophylla Benth. A 11672
Chloris berroi Arech. A 2086
C. cucullata Bisch. A 2977
Eragrostis bicolor Nees A 11958
E. brigantha (author not found) A 620
E. curvula A 84
E. curvula A 67
E. echinochloides A 11960
E. intermedia A.S. Hitchc. A 8028
E. lehmanniana A 68
E. lehmanniana var. ampla (author not found) A 11961
E. superba A 11965
Krasheninnikovia lanata (Pursh) Commercial

A.D.J. Meeuse & Smit

Heteropogon contortus

Hilaria belangeri

Pleuraphis mutica Buckl.

Krameria erecta Willd. Ex J.A. Schultes

Leptochloa dubia

Lycurus phleoides Kunth

Medicago lupulina L.

Menodora scabra

M. scabra

M. longiflora Gray

Muhlenbergia porteri

Achnatherum hymenoides (B.L. Johnson)
Barkworth

Piptatherum miliaceum (L.) Coss.

Panicum hallii Vasey

P. prolutum F. Muell.

Pappophorum vaginatum Buckl.

Paspalum setaceum Michx.

Pentzia incana (Thunb.) Kuntze

Pennisetum ciliare

P. orientale (Willd.) L.C. Rich.

Setaria vulpiseta

Sporobolus airoides (Torr.) Torr.

S. contractus A.S. Hitchc.

S. cryptandrus (Torr.) Gray

S. fimbriatus (Trin.) Nees

S. flexuosus (Thrub. Ex Vasey) Rydb.

Digitaria californica

Tridens muticus (Torr.) Nash var. elongatus
(Buckl.) Shinners

T. muticus (Torr.) Nash var. muticus

Erioneuron pilosa (Buckl.) Nash

Vicia americana Muhl. ex Willd.

V. villosa Roth

Number not given
A 3323

A 8772

A 2284

A 11695

A 10217
Commercial 3460
A 2408

A 2390

A 9126

A 2346

A 2691

A 1895
A 8002
A 2664
A 8666
A 149

A 149

A 2348
A 131

A 9051
A 920

A 11569
A 810
AB9&AT2
A 10117
A 8084
A 3014

A 11321

A 9456
Commercial
Commercial
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Table 2—Species adaptation trial and stand rating as of May 1949.
Middle Tank Reseeding Plot, Study Area 205 (adapted from
Glendening and others 1946).

Type of planting

Furrow and
Species Flat or row Furrow mulch

Heteropogon contortus Good Excellent Excellent
Eragrostis curvula None Very good Very good
E. superba Very poor Good Good
E. lehmanniana Fair Good Good
E. lehmanniana-Ampla Poor Fair Fair
Pennisetum ciliare Poor Good Poor
Digitaria californica Fair Fair Good
Bothriochloa ischaemum None Poor Poor
Bouteloua repens None None Poor
Panicum hallii None None Poor
Setaria macrostachya None None Poor
Leptochloa dubia None None Trace

Table 3a—Compatible mixture trial, July 23, 1947. Middle Tank
Reseeding Plot, Study Area 205 (adapted from Glendening
and others 1946).

Seeding rate Subplot

Species (Ib per acre) number
Wilman lovegrass 6 1
Lehmann and Arizona cottontop 3and8 2
Wilman and Arizona cottontop 2and 8 3
Lehmann 3 4
Lehmann and Arizona cottontop land8 5
Wilman and Arizona cottontop 6 and 8 6
Lehmann and Arizona cottontop land8 7
Lehmann and Arizona cottontop 3and8 8
Wilman 6 9
Wilman and Arizona cottontop 6 and 8 10
Lehmann 3 11
Wilman and Arizona cottontop 2 and 8 12

Table 3b—Compatible mixture trial, July 30, 1947 Middle Tank
Reseeding Plot, Study Area 205 (adapted from Glendening
and others 1946).

Seeding rate Subplot

Species (Ibs per acre) number
Boer lovegrass Not shown A
Arizona cottontop Not shown B
Lehmann and Boer and sand dropseed 1,2,2 C
Lehmann and Slender grama .3 D
Wilman lovegrass Not shown E
Lehmann and slender grama 2,3 F

cottontop, sand dropseed, and slender grama) at different
seeding rates (table 3b). Comments on this July 1947 planting
were that a good stand of Lehmann lovegrass and slender
gramahad emerged, but due to low precipitation in 1948 the
established plants for both July 1947 plantings failed to
persist (USDA 1947-1948).
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In the early 1950s, several plantings were installed in
Pasture 140 by H. G. Reynolds, similar to those planted in
study area 205 (Reynolds 1952). In July 1951 a three-species
mixture trial was sown in Pasture 140. The mixture trial
incorporated combinations of Lehmann, Boer, and Wilman
lovegrass. The site was cleared of mesquite and the seedbed
prepared with the Krause cutaway disc. A hand-held whirl-
wind seeder was used to broadcast the seed, and all plots
were cultipacked. In July 1951, a yield study was planted
that used nine different species (table 4). This planting was
repeated in July 1952 with minor changes in species used.
All specieswere broadcast seeded followed by a cultipacking.
The best performing species was plains bristlegrass (Setaria
vulpiseta (Lam.) Roemer & J.A. Schultes) because it had
better overall emergence. Results for these three plantings
were not definitive with comments indicating that all three
trials were considered failures. Lack of rainfall in 1951 and
1952 (60 percent of average) was indicated as the primary
reason for failure.

Martin (1966) states that based on results from experi-
ments conducted on the SRER the best adapted plants for
range revegetation include the introduced species Lehmann,
Boer, and weeping lovegrass, and the native species Arizona
cottontop, black grama, and sideoats grama with Lehmann
and Boer lovegrass considered most reliable. Lehmann
lovegrass is considered easier to establish but not as palat-
able or as long lived as Boer lovegrass. Arizona cottontop,
black grama, weeping lovegrass, and sideoats grama were
considered viable choices but are more difficult to establish.
Weeping lovegrass and sideoats grama are considered suit-
able for upland sites that receive more moisture or where
soils stay moist for a longer period of time. For areas where
water accumulates such as swales, blue panic, Johnsongrass
(Sorghum halepense (L.) Pers.), and Boer, and Lehmann
lovegrass are adapted species (Reynolds and Martin 1968).
Wilman lovegrass is another suitable species butonly in those
areas where winter temperatures do not fall below 10 °F.
Lehmann lovegrass is generally the only species recom-
mended for upland areas that receive less than 14 inches of
precipitation. Martin stated in his 1966 report that adapted
species and successful seeding methods have not been
developed for areas below 11 inches of annual precipitation
(Martin 1966).

Jordan (1981), based on his research conducted in south-
ern Arizona, developed additional criteria to be considered

Table 4—Yield trial-species list, July 11, 1951. Pasture 140 (adapted
from Glendening and others 1946).

Planting rate

Species Accession (Ib per acre)
Bouteloua eriopoda Flagstaff-1949 40
B. repens A10123-2172 10
Eragrostis bicolor A11958-1126 2
E. lehmanniana A68-2168 1
Heteropogon contortus SRER 1939 5
Muhlenbergia porteri A8368 25
Panicum hallii A8002-2158 3
Sporobolus cryptandrus Mixed lots 40-41 1
Digitaria californica A8084-1718-49 12
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when selecting species for rangeland revegetation. Included
among these were (a) germination rate—species that can
germinate in 3 days are better adapted to limited moisture
conditions than those species requiring 5 days; (b) species
should have good seedling vigor; (c) when revegetation
conditions are favorable adapted native species should be
used. However, if the site does not have all the favorable
conditions, an introduced species may be a better choice; and
(d) selected species must be commercially available. A spe-
cies’commercial availability is directly related to not only its
field performance but how much seed it yields, seed produc-
tion requirements, ease of harvest, seed conditioning re-
quirements, and ability to be sown with currently available
equipment. Current research suggests that slower germina-
tion, mimicking the conservative germination behavior of
Lehmann lovegrass, may improve the potential for emer-
gence and establishment of native species (Abbott and
Roundy 2003; Biedenbender and Roundy 1996; Roundy
and Biedenbender 1995).

The PMC plantings conducted on the SRER from 1968
through 1970 utilized 12 lovegrass accessions and 2 acces-
sions of buffelgrass and incorporated yellow bluestem
(Bothriochloa ischaemum (L.) Keng) in the 1969 summer
planting. Overall results from these plantings showed that
common buffelgrass, T-4464, had the greatest forage pro-
duction, but it was not significantly higher than the
lovegrasses A-1739 and A-17340 or Lehmann lovegrass A-
16651, or yellow bluestem. The final evaluation, conducted
in 1973, found that “Palar” Wilman lovegrass and a commer-
cial strain of Wilman lovegrass were considered the two best
performers in these plantings based on forage production,
basal cover, and plant density.

Small observational trials were planted in the fall of 1968,
1969, and 1971. Species were planted using mechanical
push planters and seeded into intermediate pits. Sixteen
accessions of native and introduced shrubs and forbs were
included in these trials. Results from the 1968 and 1969
plantings indicated fair to good overall emergence, but none
of the species survived due to dry winters. Two accessions
of rough menodora and prostrate kochia (Kochia prostrata
(L.) Schrad) were sown with two accessions of ballonpea
(Sutherlandiafrutescens(L.) R.Br.). Galletagrass (Pleuraphis
jamesii Torr.) was included with the above-mentioned spe-
cies. The final (1979) evaluation indicated that prostrate
kochia—A-18219, and rough mendodora—A-17773, from
Pomerene, AZ, were the better performers. However, estab-
lished accessions from both plantings were rated as poor
with regard to overall stand, forage production, and erosion
control.

In 1980 the PMC installed a summer and fall planting at
the PMC planting site on the SRER. The 1980 summer
planting included shrubby senna (Senna corymbosa (Lam.)
Irwin & Barneby), Colorado four o’clock (Mirabilis multi-
flora (Torr.) Gray), spike muhly (Muhlenbergia wrightii
Vasey ex. Coult.)—A-8604 and “El Vado,” green sprangletop
(Leptochloa dubia (Kunth) Nees), and four accessions of blue
panic. Initial emergence and stand were rated as excellent
on disked only plots. Due to droughty, loose soil conditions,
high plantmortality was observed in this treatment. A Septem-
ber 1982 evaluation indicated that the summer planting of
“SDT” blue panic exhibited the highest vigor and stand ratings
of the four blue panic accessions planted. The Colorado four
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o’clock accessions displayed good initial establishment but
were no longer evident by the fall of 1982. The 1980 fall
seeding exhibited no evidence of emergence or establish-
ment of the seeded species.

In 1983 a total of 18 species of native and introduced
grasses, forbs, and shrubs were sown on the SRER at the
PMC planting site. Seedbed treatments were intermediate
pits and disking. The summer 1983 planting received abun-
dant summer precipitation that resulted in good stands for
most of the grasses on both seedbed treatments. As of 1991,
“SDT” and “A-130” blue panic, plains bristlegrass, cane
bluestem (Bothriochloa barbinodis (Lag.) Herter), and yellow
bluestem were still exhibiting good stand and vigor ratings.

The PMC installed July plantings in 1985 and 1986 at the
SRER site. The 1985 planting consisted of 25 accessions
comprised of seven introduced species and nine native species.
A transplant trial using African thatchgrass (Hyparrhenia
spp. Anderss. ex Fourn.) and saltbush (Atriplex spp. L.) was
installed with this planting. The July 1985 planting exhib-
ited only fair emergence with infrequent establishment of
only a few accessions. It was noted that competition from
Lehmann lovegrass and common buffelgrass quickly crowded
out the established accessions. Rabbits grazed out the salt-
bush transplants, and only one African thatchgrass accession
exhibited significant survival. The 1986 planting revealed no
emergence or plant establishment. Low precipitation was
considered the reason for this planting failure.

A 1988 planting evaluated the use of “Seco” barley as a
mulch cover crop on one-half of the seeding plot and Mediter-
raneanricegrass (Piptatherum coerulescens (Desf.) P. Beauv.)
on the other half of the plot. Both accessions were planted
approximately %2 inch deep in December 1988 using a grain
drill. The barley was planted at a rate of 30 pure live seed
(PLS) pounds per acre and the Mediterranean ricegrass at a
rate of 2 PLS pounds per acre. By the spring of 1989 only a
few barley plants and no Mediterranean ricegrass plants
were observed. Lack of sufficient winter precipitation and
rodent predation on the barley seed was determined as the
primary reasons for this failure.

The USDA Natural Resources Conservation Service, Plant
Materials Program is unique among Federal programs in
that it can “release” accessions that have superior qualities
to commercial growers for public use. The Tucson PMC has
released two species that were originally collected on the
SRER. “Santa Rita” fourwing saltbush was collected by
S. Clark Martin from a native stand on the SRER December
1962. The collection site was T18S, R14E, in section 3 (Tucson
Plant Materials Center 1987). “Loetta” Arizona cottontop
was collected from a native stand on the SRER by Larry
Holzworth in October 1975. The collection site was T18S,
R14E, in the southwest ¥ of Section 3 (Tucson Plant Mate-
rials Center 2000).

Seeding Methods

In rangeland revegetation, seed is typically sown by
broadcasting or by drilling. Both methods have varying
degrees of effectiveness depending on condition of the
seedbed and seed size. Drill seeding was initially conducted
using grain drills, evolving into today’s rangeland drills.
Prior to the rangeland drill, scientists had to develop their
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own seeding equipment. Jordan used a modified Nisbet
seeder along with modified seed metering plates to plant the
tiny lovegrass seeds at recommended rates (Roundy and
Biedenbender 1995).

Glendening and others (1946) installed a seeding method
trial in 1946 in the Middle Tank Revegetation Plot, Study
Area 205, atthe SRER. This trial compared the effectiveness
of various seedbed treatments and seeding methods using
Boer lovegrass. Treatments included two controls (no treat-
ment); mowed, contour-furrowed, and seeded with a two-
gang cultipacker with seeder attachment; mowed, contour-
furrowed, cultipacked with single-gang cultipacker, and
broadcast seeded; and mowed, and cultipacker-seeded only.
Evaluations made in 1947 indicated a good stand of Boer
lovegrass was obtained with the contour furrow and
cultipacker seeder only (USDA 1947-1948). Evaluations
made in 1948 indicated that established plants had died due
to low precipitation in 1948. A new planting was conducted
by Glendening in 1949 that used five seedbed treatments
and three seeding treatments with Lehmann and Boer
lovegrasses. Imposed on these treatments was a mowing
treatment to control burroweed. The five seedbed and seed-
ing treatments were (1) the Krause cutaway disc and
cultipacker seeder, (2) Eccentric disc and drill, (3) inter-
rupted furrow and drill, (4) interrupted furrow and broad-
cast, and (5) no seedbed preparation and broadcast seeding.
Results for the 1949 planting indicated that Lehmann
lovegrass had better establishment than Boer lovegrass over
all treatments. This occurred in the interrupted furrow with
drill seeding and interrupted furrow with broadcast seeding.
The controlled burroweed plots had twice as many lovegrass
plants as the uncontrolled plots.

In 1964 a field trial at the SRER was conducted to compare
pelleted and nonpelleted Boer and Lehmann lovegrass seed
that was broadcast onto desert rangeland following herbi-
cide application. Pellet size was 1/4 inch with an average of 10
seeds per pellet, and the pellets were aerially applied at a
rate of 62 pounds per acre. On average, there were 1,400
pellets per pound (Chadwick 1964). Chadwick in 1969 sum-
marized the results of the pelleted program. Chadwick found
thatonly one seedling had emerged for every six pellets sown
1 month after sowing, and at the end of September no
seedlingswere observed, even though the site received over 10
inches of rain during July, August, and September (Chadwick
and others 1969). Sowing nonpelleted seed into a prepared
seedbed was more successful than broadcasting pelleted seed.
Pelleted seeding failed due to lack of good seed soil contact,
and the pelleting process actually reduced germination
(Roundy and Biedenbender 1995).

All PMC plantings were drill seeded either using a small
rangeland drill, push planter (Planet Jr.), or grain drill.
Seeding rates were generally based on 20 to 25 (PLS) per ft
of rowforgrassesand 10 PLS per ft for shrubs. Seeding depth
was l/4 inch for most small-seeded species and up to 1/2 inch
for large-seeded species. The 1971 planting incorporated the
use of barley straw for mulch. The site was drill seeded, then
the mulchwas applied by hand and tucked into the soil using
a Soil Erosion Mulch Tiller. The mulch, as well as receiving
favorable winter precipitation, provided for good emergence
and stand establishment. However, when the final evaluation
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was conducted in the fall of 1972, only one species, Austra-
lian saltbush (Atriplex semibaccata R. Br), remained alive.

Summary

The Santa Rita Experimental Range has provided an
extensive outdoor laboratory for long-term rangeland reveg-
etation trials on species adaptation, seedbed preparation
methods, sowing times and rates, and unique cultural treat-
ments such as mulching. These studies have shown promise
with regard to seedbed treatments thatenhance plant estab-
lishment. Much of the information gained from revegetation
trials on the SRER is used in developing the USDA Natural
Resource Conservation Service (Arizona) standards and
specifications for the Range Planting practice (USDA 2002.)

Seedbed preparation and selection of adapted species are
importantfactors when planning arange revegetation activ-
ity. Itis evident that timing and amount of precipitation are
the primary elements that ultimately determine the success
or failure of a planting. Research conducted at the SRER has
clearly shown that successful establishment may not indi-
cate long-term persistence. Long-term evaluations on per-
sistence are needed to improve and refine recommendations
for range revegetation. Due to costs for brush control, future
revegetation activities may leave larger areas of existing
woody vegetation, creating the need for identification of
shade-tolerant species that can be successfully sown under
existing overstory canopies (Livingston and others 1997).
Scientists have expanded research efforts to include seedbed
ecology, seed germination characteristics, and range plant
genetics (Smith 1998; Smith and others 2000). Recent re-
search on the SRER has dealt with germination character-
istics and seedbed ecology of Lehmann lovegrass. Results
from this research have provided suggestions for managing
existing Lehmann lovegrass stands and potential methods,
using fire and herbicides, for re-establishing native grasses
in Lehmann’s dominated areas of the semidesert grassland
(Abbott and Roundy 2003; Biedenbender and Roundy 1996;
Livingston and others 1997). This additional information
and direction can only move us closer to achieving revegeta-
tion success. It is interesting to note that early revegetation
work used native plants. Unsuccessful plantings with na-
tives led to the search and use of introduced plants such as
Lehmann lovegrass. Lehmann lovegrass proved to be very
successful, spreading aggressively and reducing biodiversity.
Range scientists and others are again working with native
plantsin the semidesert grassland. This renewed interestin
native plants will require research on their germination
characteristics, field establishment requirements, and seed
production qualities and requirements. Identification of
successful establishment characteristics will help to identify
native species and or their genotypes for use in revegetation.
These species will be used if they are readily available in
needed quantities and at an affordable price. The SRER will
again provide testing sites for revegetation trials and dem-
onstrations for livestock forage production, erosion control,
and improving the biodiversity of plant communities domi-
nated by invasive species.
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Hydrology and Soil Erosion

Abstract: We review research on surface water hydrology and soil erosion at the Santa Rita
Experimental Range (SRER). Almost all of the research was associated with eight small
experimental watersheds established from 1974 to 1975 and operated until the present. Analysis
of climatic features of the SRER supports extending research findings from the SRER to broad
areas of the Southwest with similar climates. Conceptual models for annual water balance and
annual sediment yield at the SRER were developed and supported by data from four very small
experimental watersheds. The impacts of rotation and yearlong grazing activities, and of
mesquite removal were analyzed using data from four small experimental watersheds. The
analyses suggested that mesquite removal reduced runoff and sediment yield, but differences in
hydrologic response from paired watersheds due to soil differences dominated grazing and
vegetation management impacts. The 28 years of monitoring under the same experimental
design on the four pairs of watersheds provides us with a long period of “pretreatment” data on
the paired watersheds. New treatments could now be adapted and designed based on lessons
learned from monitoring over nearly three decades. There is a unique opportunity to institute
long-term adaptive management experiments on these experimental watersheds.

Keywords: water balance, runoff, sediment yield, watersheds
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Introduction

Background

Soil, water, air, the plants and animals they support, and human interaction with them are a central focus of natural
resources research and management. In this paper we focus on hydrology (specifically surface water hydrology) and soil erosion
(specifically soil erosion and sediment transport by water). The Santa Rita Experimental Range (the SRER or simply the Range
hereafter) was established in 1903 (see, for example, Medina 1996). Since the end of World War 11, several landmark programs
have contributed to our current understanding of hydrology in desert (arid) and semidesert (semiarid) ecosystems. Notable
examples include the following.

At the third General Conference of UNESCO held in Beirut in 1948, an International Institute of Arid Zone was proposed.
In December of 1949 an International Council was approved, and it met in November, 1950. This effort led to the preparation
of a series of reports on arid regions of the earth. In 1951 the Southwestern and Rocky Mountain Division of the AAAS

Leonard J. Lane is a Research Hydrologist (retired) with the USDA Agricultural Research Service, Southwest Watershed Research Center in Tucson, AZ. He
completed a B.S. degree (honors) in engineering mathematics and an M.S. degree in systems engineering at the University of Arizona, and a Ph.D. degree in civil
engineering (hydrology and water resources) at Colorado State University. Mary R. Kidwell is an Ecologist with the USDA Agricultural Research Service,
Southwest Watershed Research Center in Tucson, AZ. She received a B.A. degree in economics and organizational behavior and management from Brown
University and an M.S. degree in renewable natural resource studies from the University of Arizona.

In: McClaran, Mitchel P.; Ffolliott, Peter F.; Edminster, Carleton B., tech. coords. Santa Rita Experimental Range: 100 years (1903 to 2003) of accomplishments
and contributions; conference proceedings; 2003 October 30—November 1; Tucson, AZ. Proc. RMRS-P-30. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.

92 USDA Forest Service Proceedings RMRS-P-30. 2003



Hydrology and Soil Erosion

established the Committee on Desert and Arid Zones Re-
search to assist “study of the factors affecting human occu-
pancy of semiarid and arid regions.” This Committee was
very active and productive for over two decades in a variety
of natural and social science areas.

In 1953 the U.S. Department of Agriculture established
the 150-km? Walnut Gulch Experimental Watershed near
Tombstone, AZ. Research from this experimental watershed
established an infrastructure and the scientific understand-
ing and apparatus enabling measurement of surface runoff,
soil erosion, and sedimentyield from small rangeland water-
sheds. This nearby infrastructure and understanding led to
the establishment of eight small experimental watersheds
on the SRER in 1974 and 1975.

From 1967 to 1974 the United States participated in the
International Biological Program. The National Science
Foundation funded and supported the Desert Biome Pro-
gram throughout the West from 1972 through 1977. Begin-
ning in 1971 and continuing to the present the Arizona
Section of the American Water Resources Association and
the Hydrology Section of the Arizona-Nevada Academy of
Science has published “Hydrology and Water Resources in
Arizona and the Southwest.” In 1978, Academic Press, Inc.,
London, started publishing the “Journal of Arid Environ-
ments” as a forum for multidisciplinary and interdiscipli-
nary dialogue on problems in the world’s deserts.

Purpose

Although these programs and projects have immeasur-
ably increased our knowledge and understanding of hydrol-
ogy of deserts areas, none has produced a focused and
indepth synthesis of surface water hydrology and soil ero-
sioninarid and semiarid areas, and especially, on the SRER.
Therefore, we propose to partially fill this gap with this
paper. Toward this end, the paper focuses on surface water
hydrology and soil erosion by water. Emphasis is on hydrol-
ogy and erosion occurring on the SRER, but regional data
and research findings are used for background information
and as comparative studies to contrast and broaden similar
findings on the SRER.

Scope and Limitations

Our review and analyses are focused on measurements
and modeling of surface water hydrology, upland soil erosion
by water, and yield of water and sediment from very small
experimental watersheds. While major emphasis is on mea-
sured data and what we can learn from them, interpretation
and understanding of the measured data require under-
standing and application of conceptual models of the domi-
nant physical processes, and mathematical models (com-
puter simulation models or simply simulation models)
describing those processes. The inclusion of conceptual and
simulation models is necessary to interpret the measured
data, to add a dimension of predictability, and to help
understand the processes across a continuum of space and
time when measurements are limited to points in space over
short time periods.
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Review of Hydrologic and
Soil Erosion Research
at Santa Rita

Overview

Research has been conducted on the 21,500-ha SRER
since 1903. The goal of research at the SRER is to investigate
and understand the ecology and management of semiarid
rangelands. The U.S. Department of Agriculture Bureau of
Plant Industry operated the SRER from 1903 until 1915,
and from 1915 until 1988 the U.S. Department of Agricul-
ture Forest Service assumed responsibility. Since 1988 the
SRER has been under the administration of the Arizona
State Land Department and is managed by the University of
Arizona for the purpose of conducting ecological and range-
land research (McClaran and others 2002).

According to Martin and Reynolds (1973), the SRER is
representative of over 8 million hectares of semiarid (semi-
desert) grass-shrub ecosystems in southern Arizona, New
Mexico, Texas, and northern Mexico. The extent to which
research findings from the SRER are transferable over these
broad geographical areas depends, in large part, upon how
widespread climatic characteristics of the SRER are repre-
sented regionally.

Climate

Although the focus herein is hydrology and soil erosion,
climate plays such a strong role that a brief climatic sum-
mary of the SRER is necessary. Green and Martin (1967)
analyzed precipitation data from the Range. A common 26-
year period, 1940 to 1965, for 22 raingages situated across
the SRER was used for statistical analyses. Average annual
precipitation for this period of record varied from about 282
mm at the northwest gage at an elevation of approximately
914 m MSL to 492 mm at an elevation of approximately
1,310 m. This range of 492 — 282 =210 mm over an elevation
difference of only 1,310 — 914 = 396 m indicates a strong
trend of about 53 mm of precipitation per 100 m difference
in elevation. These two raingages are located about 17.4 km
apartsothat the rate of change in mean annual precipitation
is 210 mm per 17.4 km =12 mm per km of distance.

These statistics of 53 mm of mean annual precipitation
change per 100 m of elevation change and 12 mm of mean
annual precipitation change per km horizontal distance
indicate a strong orographic effect in precipitation. The dry
adiabatic lapse rate is about 9.8 °C per km of elevation so
that mean annual temperature also varies with elevation.
Taken together, the changes in mean annual precipitation
and temperature with elevation mean that the Headquar-
ters (Florida location or Santa Rita Experimental Range
station) climate does not represent the average conditions
over the 21,500 ha SRER. Rather, the Florida station repre-
sents an extreme in terms of high precipitation and cooler
temperature. In fact, following Trewartha and Horn (1980),
the Florida station is near the boundary between semiarid
and subhumid climates, and the Northwest station is near
the boundary between semiarid and arid climates. The aver-
age climate for the SRER is classified as semiarid or steppe.
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Annual Water Balance

The term “hydrologic cycle” is the most general way of
describing the cycling or movement of water through the
lands, oceans, and atmosphere. The hydrologic cycle is
usually described and quantified in terms of its compo-
nents. These components include precipitation, evapora-
tion, transpiration, runoff, ground water, and water tem-
porarily stored such asin soil moisture, lakes, and reservoirs.
The term “water balance” as used in hydrologic studies has
a similar meaning to the term “hydrologic cycle,” but it
connotes a budgeting or balancing of components in the
hydrologic cycle for a given place or area. In this paper, the
area we use to make water balance calculations is the
watershed.

A watershed is described with respect to surface runoff as
being defined by a watershed perimeter (for example, see
Lane and others 1997). This watershed perimeter is the
locus of points where surface runoff produced inside the
perimeter will flow to the watershed outlet. Therefore, water
balance calculations are for a watershed and a specific time
period such as annual, seasonal, daily, or hourly. Our em-
phasis herein is on an annual water balance and on storm
event or daily values of water balance used to compute an
annual balance on small watersheds in upland areas.

Conceptual Model for Annual Water Balance—In
warm to hot semiarid regions with bimodal annual precipi-
tation, such as the SRER, a conceptual model of an annual
water balance can be described as follows. Precipitation
varies seasonally with the most prominent period of precipi-
tation in the summer (July to September), with a secondary
peak in the winter (late December to March), and with
relatively dry periods in the spring and fall. Mean annual
precipitation varies between about 250 and 500 mm. Mean
annual surface runoff from small upland watersheds (de-
fined herein as small areas ranging in size from a few square
meters up to a few hectares) varies from near zero up to
about 10 percent of annual precipitation or from near zero to
50 mm. Actual mean annual evapotranspiration (the sum of
the actual amount of evaporation from soil and cover mate-
rial and the actual amount of plant transpiration) ranges
from about 90 to near 100 percent of mean annual precipita-
tion. During extremely high precipitation episodes (for ex-
ample, heavy summer or fall rainfall from the influx of
moisture from tropical storms and hurricanes and very wet
winters when the winter storm track is over southern Ari-
zonay), soil moisture can increase to field capacity (the upper
limit of soil moisture storage when percolation through the
soil profile begins) and deep percolation of soil moisture
below the plant rooting depth can occur (see for example,
Lane and others 1984; Renard and others 1993). These
periods of high soil moisture and deep percolation are rela-
tively rare so that mean annual values derived from them
are highly variable and highly uncertain.

The conceptual model is that there is little and very rare
percolation below the root zone so that most soil moisture
remains in the upper meter or so of the soil, surface runoff is
duetorainfall rates exceeding the infiltration capacity of the
soil, actual annual evapotranspiration is nearly equal to
annual precipitation (minus infrequent surface runoff and
very rare deep percolation), and that soil moisture storage is
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recharged and depleted on an annual basis so that the mean
annual change in soil moisture is near zero.

Empirical evidence of the applicability of this conceptual
model for an annual water balance at the SRER includes the
general absence of (1) perennial and intermittent streams,
(2) springs and seeps, and (3) shallow ground water. Excep-
tions to ephemeral streams may occur when perennial
streams originating in the mountains flow onto the SRER.
However, the conceptual model is for small upland areas on
the SRER and is generally supported by observations and
measurements (see Lawrence 1996, as discussed later).

Mathematical Model for Annual Water Balance—A
mathematical model of annual water balance for upland
watersheds, such as those on the SRER, can be written as
follows. The one-dimensional water balance equation for a
unit area, to plant rooting depth, ignoring runon (runoff
originating out of the unit area and flowing onto it) and
assuming subsurface lateral flow is zero, can be written as

dS/dt=P-Q-AET - L 1)

where dS/dt is the change in soil moisture (mm), P is
precipitation (mm), Q is runoff (mm), AET is actual evapo-
transpiration (mm), L is percolation or leaching below the
rooting depth (mm), and t is time (years for an annual water
balance although the actual calculations may be made using
a daily time step).

Example Water Balance Calculations Using a
Simple Model—We selected a simple water balance model
that could be operated based on limited available climatic,
soils, vegetation, and land use data. The CREAMS Model
(Knisel 1980) solves equation 1 for a daily time step and
then sums the results for monthly and annual values. The
CREAMS Model has previously been applied at arid and
semiarid sites somewhat similar to the SRER, including
the Walnut Gulch Experimental Watershed near Tomb-
stone, AZ (see Renard and others 1993 and Goodrich and
others 1997 for details on modeling and descriptions of
Walnut Gulch).

The CREAMS Model was applied to Watershed Lucky
Hills 3, a small semiarid watershed on the Walnut Gulch
Experimental Watershed. Rainfall and runoff data were
available for 17 years (1965 to 1981), and were used to
optimize the model parameters for runoff simulation. As P
and Q were measured, the model was calibrate